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ABSTRACT 
Condensation and Wetting Dynamics on Micro/Nano-Structured Surfaces  
Emre Ölçeroğlu 
Matthew McCarthy, Ph.D., Supervisor 
 
Because of their adjustable wetting characteristics, micro/nanostructured 
surfaces are attractive for the enhancement of phase-change heat transfer where liquid-
solid-vapor interactions are important. Condensation, evaporation, and boiling processes 
are traditionally used in a variety of applications including water harvesting, desalination, 
industrial power generation, HVAC, and thermal management systems. Although they 
have been studied by numerous researchers, there is currently a lack of understanding of 
the underlying mechanisms by which structured surfaces improve heat transfer during 
phase-change. This PhD dissertation focuses on condensation onto engineered surfaces 
including fabrication aspect, the physics of phase-change, and the operational limitations 
of engineered surfaces. While superhydrophobic condensation has been shown to 
produce high heat transfer rates, several critical issues remain in the field. These include 
surface manufacturability, heat transfer coefficient measurement limitations at low heat 
fluxes, failure due to surface flooding at high supersaturations, insufficient modeling of 
droplet growth rates, and the inherent issues associated with maintenance of non-wetted 
surface structures. Each of these issues is investigated in this thesis, leading to several 
contributions to the field of condensation on engineered surfaces. 
A variety of engineered surfaces have been fabricated and characterized, 
including nanostructured and hierarchically-structured superhydrophobic surfaces. The 
Tobacco mosaic virus (TMV) is used here as a biological template for the fabrication of 
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nickel nanostructures, which are subsequently functionalized to achieve 
superhydrophobicity. This technique is simple and sustainable, and requires no applied 
heat or external power, thus making it easily extendable to a variety of common heat 
transfer materials and complex geometries. To measure heat transfer rates during 
superhydrophobic condensation in the presence of non-condensable gases (NCGs), a 
novel characterization technique has been developed based on image tracking of droplet 
growth rates. The full-field dynamic characterization of superhydrophobic surfaces 
during condensation has been achieved using high-speed microscopy coupled with 
image-processing algorithms. This method is able to resolve heat fluxes as low as 20 
W/m
2 
and heat transfer coefficients of up to 1000 kW/m
2, across an array of 1000’s of 
microscale droplets simultaneously. 
Nanostructured surfaces with mixed wettability have been used to 
demonstrate delayed flooding during superhydrophobic condensation. These surfaces 
have been optimized and characterized using optical and electron microscopy, leading to 
the observation of self-organizing microscale droplets. The self-organization of small 
droplets effectively delays the onset of surface flooding, allowing the superhydrophobic 
surfaces to operate at higher supersaturations. Additionally, hierarchical surfaces have 
been fabricated and characterized showing enhanced droplet growth rates as compared to 
existing models. This enhancement has been shown to be derived from the presence of 
small feeder droplets nucleating within the microscale unit cells of the hierarchical 
surfaces. Based on the experimental observations, a mechanistic model for growth rates 
has been developed for superhydrophobic hierarchical surfaces. While superhydrophobic 
surfaces exhibit high heat transfer rates they are inherently unstable due to the necessity 
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to maintain a non-wetted state in a condensing environment. As an alternative 
condensation surface, a novel design is introduced here using ambiphilic structures to 
promote the formation of a thin continuous liquid film across the surface which can still 
provide the benefits of superhydrophobic condensation. Preliminary results show that the 
ambiphilic structures restrain the film thickness, thus maintaining a low thermal 
resistance while simultaneously maximizing the liquid-vapor interface available for 
condensation. 
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CHAPTER 1: INTRODUCTION 
1.1 Background 
In this chapter, fundamental background on wetting phenomena, different 
modes of vapor condensation, growth rate and thermal resistance concepts are provided. 
This information is essential to be able grasp the motivations and objectives behind the 
research done for this doctoral thesis.  
1.1.1 Wetting Phenomena 
When a droplet is placed on a horizontal, flat surface it can either wet the 
surface or form a hemispherical droplet depending on the surface energy balance. The 
force balance between the three interfaces dictate the equilibrium contact angle, 𝜃, 
through a relationship that has first been introduced by Young [7]:  
 cos 𝜃 =  
𝛾𝑠𝑣 − 𝛾𝑠𝑙
𝛾𝑙𝑣
 (1.1) 
 
where 𝛾𝑠𝑣, 𝛾𝑠𝑙 and 𝛾𝑙𝑣 are respectively the solid-vapor, solid-liquid and liquid-vapor 
surface tensions. 
 
Figure 1.1: Solid-vapor, solid-liquid and liquid-vapor surface tensions and equilibrium 
contact angle. 
Extending the work of Young which was strictly for flat surfaces, Wenzel 
and Cassie analyzed rough surfaces. According to Wenzel’s findings [8], if a surface has 
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a roughness, 𝑟, defined as the ratio of the total surface area to the projected area, and if 
this surface is fully wetted by a liquid droplet in the rough area, then the contact angle 𝜃𝑤 
is defined as: 
 cos 𝜃𝑤 = 𝑟 cos 𝜃 (1.2) 
 
Cassie and Baxter on the other hand, investigated the case where a droplet sits on a rough 
surface without wetting the roughness but rather lying on the tips of it [9]. In this 
situation, they defined the contact angle by: 
 cos 𝜃𝑐 = 𝜑(cos 𝜃 + 1) − 1 (1.3) 
 
where 𝜑 is the solid fraction defined as the ratio of the solid area in contact with droplet 
and the projected area.  
Hydrophobic surfaces exhibit water contact angles of 𝜃 > 90° while for 
hydrophilic surfaces the equilibrium contact angle is 𝜃 < 90°. However, it is possible to 
significantly alter the wetting characteristics by utilizing the synergy created by 
roughness and surface chemistry, resulting in superhydrophobic  (𝜃 > 150°) and 
superhydrophilic surfaces (𝜃 < 10°). While both Wenzel and Cassie superhydrophobic 
states can be observed on these rough surfaces, Cassie state is preferred over Wenzel 
state for water repellency purposes due to this state providing lower adhesion forces 
between the droplets and the surface when compared to Wenzel state.  
Although Equation 1.2 and 1.3 clearly identify whether a droplet that is placed 
on a surface will be in Wenzel or Cassie state, in the case of condensation these equations 
may not be valid. This is mainly attributed to the fact that the vapor starts condensing 
ubiquitously on the surface, including inside the roughness. Previously it has been shown 
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that it is possible for highly pinned Wenzel morphologies to arise in superhydrophobic 
surfaces during condensation, even if an externally placed droplet always existed in 
Cassie morphology on the same surface. In fact, three different morphologies were 
observed during condensation on rough surfaces: Wenzel (fully wetted) droplets (W), 
partially wetting droplets (PW) and Cassie (suspended) droplets (S) [10]. Each of these 
morphologies has different contributions to heat transfer and different levels of adhesion 
to the surfaces, making the knowledge about droplet morphology crucial for condensation 
work. 
 
Figure 1.2: The fully wetting Wenzel state (W), partially wetting state (PW) and the 
suspended Cassie-Baxter state of a droplet on a rough surface. (a) Filmwise, dropwise 
and superhydrophobic dropwise condensation illustrated to show different modes of 
condensate formation. Filmwise condensation results in higher thermal resistance (𝑹𝒇𝒊𝒍𝒎) 
among all modes. Superhydrophobic dropwise condensation promotes the formation of 
extremely spherical droplets and as a result, condensate adds extremely low thermal 
resistance (𝑹𝒔𝒖𝒑𝒆𝒓𝒉𝒚𝒅𝒓𝒐𝒑𝒉𝒐𝒃𝒊𝒄) to the heat transfer path.  
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1.1.2 Filmwise and Dropwise Condensation 
When vapor condenses on clean and flat surfaces that are hydrophilic, the 
condensed water forms a liquid film which gets thicker as condensation goes on. This 
type of condensation is called the “Filmwise condensation” and it is the most commonly 
observed mode of condensation in daily life (Figure 1.2b). Even though special treatment 
of flat surfaces is required to achieve absolute filmwise condensation, most non-treated 
surfaces will experience condensation that approaches perfect filmwise condensation. 
Since condensation happens on a hydrophilic surface in film form, it is usually difficult to 
separate the condensate from the surface. 
If condensation happens on a flat surface that is either intrinsically 
hydrophobic or chemically treated to be hydrophobic, then condensate forms in the shape 
of discrete, hemispherical liquid droplets (Figure 1.2c). This type of condensation is 
called “Dropwise condensation” and in daily life it is observed on most plant leaves 
during morning dew.  When this type of a condenser surface is operated in the direction 
of gravity, condensate sheds off the surface easily and it is advantageous in terms of 
maintaining a low thermal resistance. 
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Figure 1.3: Filmwise condensation of vapor on a surface results in formation of a thick 
layer of water (a). Dropwise condensation promotes the formation of hemispherical 
droplets which can easily slide off the surface with the help of gravity upon their 
diameters reaching the capillary length (b). After the sliding of a large droplet, the fresh 
surface is immediately populated by smaller droplets, enabling high heat transfer rates. 
1.1.3 Superhydrophobic Dropwise Condensation and Jumping Droplets 
Nanostructured surfaces that are treated with hydrophobic chemistries exhibit 
extremely high contact angles approaching 𝜃 ≈ 180° with no observable 
advancing/receding contact angle hysteresis. When these superhydrophobic surfaces 
utilized as condenser surfaces, the resulting condensate forms in the shape of microscale, 
spherical droplets with extremely low thermal resistances (Figure 1.2d). Although this 
kind of condensation is rare to see in daily life, Lotus plants exhibit a perfect example 
with their absolutely water repellant leaves. Being able to synthesize this Lotus effect 
opened a new avenue for many scientists that study wetting phenomena and vapor 
condensation [11-15]. 
When these extremely mobile and high contact angle condensate droplets 
coalesce with each other on the condenser surface, it was observed that they perform a 
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jumping motion out of the condenser plane. This unique phenomena was first discovered 
by Boreyko et al. [16] and it was attributed to the surface energy imbalance between the 
original droplets that coalesce and the droplet that is produced as a result of this 
coalescence. The coalescing droplets have higher surface energy in total when compared 
to the surface energy of the final droplet, and this excess surface energy is partly 
converted into kinetic energy that causes the jumping motion. This unique behavior 
attracted many researchers because this removal mechanism works spontaneously 
without the need for gravity or external excitation, making the condensate removal 
process very efficient. 
1.1.4 Thermal Resistance, Droplet Growth Rate and Droplet Removal 
Vapor condensation is a phase change process which results in liquid 
formation on condenser surfaces. Although the transformation from vapor to liquid is a 
natural result of the process, accumulation of liquid on surfaces is often detrimental to the 
performance of the condensers and therefore, managing condensate removal is essential. 
The reason why accumulation of a liquid layer is not desired is because this layer acts as 
an additional thermal resistance for heat to travel through which decreases the surface’s 
heat removal capacity. The lower the thermal resistance, the faster the liquid growth is 
which means higher heat transfer rates. However, this also raises the need for effective 
liquid removal, to prevent thermal resistance build-up and maintain the performance. 
Since the formation of liquid occurs differently on surfaces depending on the mode of 
condensation that the surface promotes, amount of thermal resistance and condensate 
removal is also directly related to the mode of condensation. Filmwise condensation 
results in thick liquid layer formation covering the entire heat transfer area between the 
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vapor and condenser, reducing performance over time.  Dropwise condensation promotes 
formation of millimeter scale discrete droplets that can easily shed off the surface to 
make space for smaller droplets to nucleate, which results in a continuous cycle of 
growth, shedding and nucleation. As a result of frequently occurring shedding events, 
thermal resistance of dropwise condensation is significantly smaller than filmwise 
condensation, yielding up to 10 times higher heat transfer rates than that of filmwise 
condensation [17]. On the other hand, superhydrophobic dropwise condensation relies on 
“self-propelled jumping mode” droplet removal where the droplets are only a few to 100s 
of micrometers in diameter. Micron scale droplets with contact angles approaching 
𝜃 ≈ 180° mean virtually no contact between the droplets and the surface, hence 
extremely low overall thermal resistance. The low thermal resistance and the unique 
removal mechanism observed during superhydrophobic condensation resulted in 2-5 
times improved heat transfer performances compared to traditional dropwise 
condensation [18, 19].  
As dropwise condensation and superhydrophobic condensation are examined 
in greater detail over the last two decades, growth rates of individual droplets drew 
researchers’ attention because they provide direct clues about heat transfer.  The faster 
the droplets grow, it means the conversion from vapor to liquid is happening more 
rapidly indicating a higher heat flux. Droplet’s morphology -whether the droplet is 
partially wetted (PW), fully wetted (W) or suspended (S)- and the thermal resistance 
across the heat transfer path are the two factors that determine a droplet’s growth rate; so, 
being able to identify and engineer these factors is an essential step towards designing 
more efficient condenser surfaces. 
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1.1.5 Non-Condensable Gases (NCGs) 
When the condensation surface is exposed to air and the vapor condensing is 
the water vapor in air instead of pure steam, then the other gases in air such as Oxygen 
and Nitrogen are also exposed to the condenser surface. However, when faced with the 
condenser surface temperature water vapor can change phase into liquid water while 
other gases in air will still remain in gas state. These gases are simply “Non-
Condensable” under these conditions and they will act as a thermal barrier between the 
condenser surface and humidity in air reducing the heat transfer performance 
significantly. Getting rid of NCGs completely is extremely challenging, however 
reducing their levels until they are insignificant to heat transfer is possible via evacuating 
the condensation environment and using pure steam instead of air. Existence of these 
gases is especially detrimental to dropwise and superhydrophobic dropwise condensation 
as even the littlest amount of NCGs will make these modes perform similar to filmwise 
condensation. Considering that the heat fluxes of interest in condensation are usually on 
the low end of the spectrum for phase change processes, getting rid of NCGs is a must 
before the performances of different surfaces can be compared with different researchers. 
1.2 Overview of Dissertation 
The research goals of this PhD dissertation can be outlined as the development 
a novel and scalable nano-manufacturing scheme for engineered surfaces, introduction of 
a non-contact heat transfer measurement technique appropriate for low heat fluxes during 
condensation, the characterization and enhancement of superhydrophobic condensation, 
and the demonstration of a novel surface design for “thin-film” condensation. The 
structure of this dissertation is as follows: Chapter 1 gives the necessary background and 
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terminology about condensation that will often be required to understand the content in 
the following chapters. Chapter 2 covers the motivations, objectives and contributions to 
the field of condensation. Chapter 3 presents a detailed literature review on condensation, 
especially focusing on the superhydrophobic dropwise condensation. Chapter 4 focuses 
on the scalable nano-manufacturing technique and Chapter 5 demonstrates a direct heat 
transfer measurement technique for condensation process.  Chapter 6 focuses on utilizing 
surfaces with both superhydrophobic and superhydrophilic characteristics, in an effort to 
delay flooding during superhydrophobic condensation that is commonly observed at high 
supersaturations. Chapter 7 focuses on characterizing and understanding of enhanced, and 
sometimes inconsistent growth rates on multi-scale hierarchical superhydrophobic 
surface. Chapter 8 introduces a novel condensation mode, which utilizes “ambiphilic” 
structures to provide the “thin-film” condensation. In Chapter 9, summary of the work 
done and recommendations for future research are provided. 
All of the research material in this dissertation is either published in a peer-
reviewed journal, in preparation for publication or presented in international conferences 
to an audience with technical background in the field. 
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CHAPTER 2: MOTIVATIONS AND CONTRIBUTIONS 
2.1 Motivations of Dissertation Research 
Superhydrophobic dropwise condensation has been shown to have greater 
heat transfer potential when compared to other modes of condensation. For the last 
decade, numerous researchers have reported various indicators of significant 
enhancement over traditional condenser surfaces with very few actual measurement 
reports. The present study has three main aspects in regards to general motivations and 
research contributions. The first aspect is utilizing a scalable and rapid nano-fabrication 
technique for condensation applications; the second one is to develop a condensation heat 
transfer measurement technique and the third one is to characterize and enhance 
condensation mechanisms on structured surfaces. In specific, the following five issues 
have been the driving factors in this dissertation: 
2.1.1 Fabrication and Manufacturing 
While structured surfaces have been shown to greatly decrease liquid-solid 
contact area and improve condensate removal rates during condensation, understanding 
and studying the driving mechanisms are limited by fabrication tools. Conformality, 
controllability of the morphology of the structure, material and scalability of the 
substrates, chemical functionalization and chemical and structural robustness are some of 
the main factors that play a role on a surface’s condensation performance. The existing 
fabrication techniques have one or few drawbacks when it comes to the factors listed 
above. 
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2.1.2 Measurement of Heat Transfer Rates 
Reporting reliable and repeatable heat transfer measurements has been an 
issue for multiple researchers since the beginning of 1960’s when research on traditional 
dropwise condensation started, as the presence of non-condensable gases (NCGs) affects 
the performance significantly. There are no standardized experimental set-up’s for 
condensation heat transfer measurements and every research group has a different 
method to deal with NCGs. Although the visual indicators have always pointed in the 
direction of a great enhancement in heat transfer rates, measurements across different 
groups varied so much that a reliable database could not be established.  
 2.1.3 Flooding During Superhydrophobic Condensation 
Superhydrophobic surfaces are promising in terms of enhancing 
condensation through prevention of an insulating liquid layer on surfaces, however, they 
have been shown to be effective only at low supersaturations. At high supersaturations 
these surfaces break down due to increased random distribution and high number of 
nucleation sites which produce pinned droplets that lead to flooding. In order to avoid 
irreversible flooding on superhydrophobic surfaces, a surface needs to be developed that 
still benefits from jumping-mode superhydrophobic condensation while high 
supersaturations don’t lead to catastrophic failure. 
2.1.4 Droplet Growth Rate Modeling 
Researchers observed inconsistencies in the growth rates of microscale 
droplets on hierarchical superhydrophobic surfaces that have not yet been explained or 
modeled. The existing models, even after required modifications, fail to predict the 
experimental observations, which is detrimental to heat transfer modeling.  
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2.1.5 Stable and Robust Condensation 
 While superhydrophobic condensation promotes high heat transfer 
coefficients, it is inherently unstable due to the necessity of an underlying non-wetting 
structured surface. These surfaces suffer from flooding at high supersaturations and are 
susceptible to degradation over time. Additionally, the efficacy of jumping-mode droplet 
removal remains questionable for real world applications, particularly at low vapor 
qualities.  
2.2 Contributions to the Field 
The aim of this work is to develop fundamental understanding of condensation 
and wetting dynamics on micro/nano engineered surfaces. With this general goal in mind, 
the specific contributions of this work are stated below. 
2.2.1 Nanofabrication: 
A biotemplated nanofabrication technique that is applicable to a variety of 
surfaces is demonstrated. Initiated chemical vapor deposition (iCVD) induced Teflon 
coatings are used on these nanostructures to achieve superhydrophobic surfaces through 
collaborative work with Dr. Kenneth K. S. Lau at Drexel University. Because it is an 
inexpensive, rapid nanofabrication technique it is a convenient tool set to study the heat 
transfer fundamentals on nanostructured surfaces.  
2.2.2 Full-field Dynamic Characterization:  
A novel, non-contact heat transfer measurement and characterization technique 
is demonstrated for condensation on superhydrophobic nanostructured surfaces. By 
utilizing a custom-made image-tracking algorithm, condensation experiment videos are 
dynamically processed and information that leads to heat transfer information is 
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extracted. Instead of using a single droplet’s history to reach the entire heat transfer data, 
which is a common practice in the field, this method uses every single individual 
droplet’s record throughout the entire experiments; therefore it provides increased 
accuracy. 
2.2.3 Delayed Flooding on Superhydrophobic Surfaces: 
Delayed flooding during condensation on superhydrophobic nanostructured 
surfaces is demonstrated through the use of mixed-wettability. By incorporating 
superhydrophilic islands on a superhydrophobic surface, random nucleation is prevented 
and number of nucleation sites is fixed. In electron and optical microscopy experiments, 
even at higher supersaturations, ordered nucleation was observed, which prevented the 
formation of pinned droplets. Under the conditions that lead superhydrophobic surfaces 
to complete flooding and failure, the mixed-wettability surfaces only transitioned from 
jumping-mode removal to shedding mode removal without any signs of failure. 
2.2.4 Growth Rate Model for Hierarchical Surfaces: 
A new model to predict droplet growth rates on hierarchical surfaces is 
developed. Hierarchical surfaces are investigated in ESEM experiments to discover the 
underlying droplet interaction mechanisms that led to variations in growth rates, which 
could not be predicted with the existing models in the literature. For the first time, these 
interactions are incorporated into the existing models to modify them and the variations 
in droplet growth rates on hierarchical superhydrophobic surfaces were captured.  
2.2.5 Thin-Film Condensation: 
Novel ambiphilic structured surfaces that promote thin-film condensation are 
demonstrated and characterized. Ambiphilic structures with hydrophilic bases and 
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hydrophobic tips are shown to restrain the condensate at the hydrophobic-hydrophilic 
interface. The thickness of the film can be engineered with fabrication, which gives 
control over the thermal resistance of the condensate. The surfaces are investigated using 
electron microscopy and a custom-built experimental apparatus, and the structures are 
characterized by developing a surface energy based model. 
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CHAPTER 3: LITERATURE REVIEW 
Condensation is driven by the difference between the saturation temperature 
of water vapor and the temperature of the surface it is in contact with. Compared to single 
phase processes, phase change processes are higher heat transfer processes due to the 
available latent energy and because of this thermodynamic advantage, phase change 
processes like condensation and boiling are often used in conjunction with each other and 
utilized in a variety of applications such as thermal management [20], industrial power 
plants [21], water harvesting [22-24], and household HVAC [25, 26]. 
3.1 Condensation on Flat Surfaces: 
In the early phases of research, two basic modes of vapor condensation were 
studied. First of these, “filmwise condensation”, occurs on a hydrophilic flat surface 
which is fully wetted by the condensate and gets covered by a film of condensate as 
vapor condenses onto the surface [27]. However if this surface is treated with a low 
surface energy coating, the second mode called “dropwise condensation” occurs instead 
and the resulting condensate is observed in form of hemispherical droplets, which are 
easily removed from the surface when compared to film layers [17, 28]. Schmidt et al. 
discovered that dropwise condensation results in heat transfer rates up to 10 times better 
than filmwise condensation and as a result of this, numerous researchers have been 
investigating this mechanism since its discovery.  
3.2 Condensation on Structured Surfaces: 
In the last few decades, with the improvements in micro/nano-fabrication, 
many different modifications on condenser surfaces have been made possible both 
structure-wise and chemistry-wise. Nanostructured surfaces were treated with thin 
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hydrophobic coatings, to make them superhydrophobic, which meant extreme water 
repellency that caused droplets placed on these surfaces to bead up and exhibit perfectly 
spherical morphologies (Figure 3.1c). When these surfaces are used as condenser 
surfaces, superhydrophobic dropwise condensation occurs which promote the formation 
of extremely spherical droplets during condensation instead of hemispheres as in 
traditional dropwise condensation. Chen et al. for the first time introduced 
superhydrophobic dropwise condensation on micro-machined posts that were textured 
with short carbon nanotubes [29]. Due to droplets’ spherical morphology, adhesion forces 
between the condensate and the superhydrophobic surface were extremely weak resulting 
in a novel, jumping-mode condensate removal mechanism that occurs in a self-energized 
manner. It was Boreyko et al. who first introduced this self-propelled jumping mode 
mechanism that utilizes the excess surface energy released after coalescence of multiple 
droplets so that the resulting droplet can jump off the plane [16]. This unique mechanism 
attracted numerous researchers in the recent years as it provided self-removal of 
condensate without relying on gravitational orientation or external excitation and the 
condenser surfaces were able to stay virtually dry due to low contact area between the 
condensate and the surface, potentially enabling higher heat transfer rates during 
condensation. Carbon nanotubes (CNT), silicon nanowires, CuO, Cu(OH)2, ZnO, Al2O3 
are a few of the many different nanoparticles used for fabricating superhydrophobic 
surfaces that yielded superhydrophobic condensation with similar results (Figure 3.1a-b) 
[2, 30-34]. To make these structured surfaces hydrophobic, researchers used various 
hydrophobic coatings among which the thinner and conformal ones were preferred. 
Initiated chemical vapor deposition (iCVD) of Teflon (PTFE), chemical vapor deposition 
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of thrichlorosilane, dip coating of octadecyltrichlorosilane (OTS) and spin coating of 
Teflon are a few of the many techniques that researchers utilized to functionalize their 
structured surfaces. Depending of application, most of the hydrophobic coatings perform 
similar to each other but their life-spans and fouling resistance may differ from each other 
[18].   
 
Figure 3.1: Copper oxides (CuO) [1] (a) and carbon nanotubes (CNT) [2] (b) are two of 
the most frequently used nanostructures for superhydrophobic surface fabrication. When 
a water droplet is placed on a superhydrophobic surface, it forms a near perfect sphere 
that can easily roll off without wetting when tilted [2](c).  
Various characteristics of superhydrophobic dropwise condensation have 
been investigated. Narhe et al. studied droplet growth rates during superhydrophobic 
dropwise condensation and analyzed the deviations from the expected theoretical rates 
[35]. Dietz et al. used ESEM to compare the number of droplets and size distributions 
over time on superhydrophobic and hydrophobic surfaces and showed how the 
superhydrophobic surfaces were able to keep themselves fresh through jumping mode 
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removal [36]. Rykaczewski et al. also used ESEM in numerous studies to investigate the 
effect of many parameters; such as temperature difference, contact angle and nano-
roughness, on single droplet behavior [34, 37]. Miljkovic and co-workers investigated the 
effect of droplet morphology on droplet growth during superhydrophobic and 
hydrophobic condensation and proposed a model for single droplet growth based on the 
thermal circuit analysis while using ESEM observations to check the validity of their 
model [10]. Ölçeroğlu et al. combined Miljkovic’s model with experimental imaging to 
report visual predictions of dynamically changing heat transfer rates as superhydrophobic 
condensation occurs [38]. 
 
Figure 3.2: Nano-grassed micropyramidal architecture of Chen et al. [3] (a) and 
hydrophilic-superhydrophobic surface of Hou et al. [4] (b) to gain spatial control during 
superhydrophobic condensation. 
Since wettability characteristics and droplet morphology play a major role in 
condensation, several researchers engineered both the structure and the chemistry of 
surfaces in intelligent ways to gain control over the behavior of condenser droplets from 
nucleation to removal. Chen et al. used nanograssed micropyramidal structures with 
hydrophilic bases to promote nucleation and direct droplets from the pyramid base to the 
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tips. (Figure 3.2a) [3]. Varanasi et al. used hydrophobic and hydrophilic segments in 
combination to obtain spatial control over nucleation during dropwise condensation [5]. 
Hou et al. created nanostructured superhydrophobic surfaces with an array of microscale 
hydrophilic pillars to promote nucleation at low supersaturations. (Figure 3.2b) [39]. Lo 
et al. used microgrooves on a nanostructured hydrophobic surface to create spatial order 
and increased droplet removal rates by more than a factor of two as compared to 
nanostructured superhydrophobic surfaces (Figure 3.2c) [6]. All these studies 
successfully demonstrated incorporation of the benefits of hydrophilic nucleation into 
superhydrophobic surfaces to increase heat transfer rates during condensation. 
 
Figure 3.3: Ordered nucleation during condensation. Varanasi et al.’s hydrophilic linear 
segments on a hydrophobic surface [5] (a), Hou et al.’s hydrophilic posts on a 
nanograssed superhydrophobic surface [4] (b) and Lo et al.’s microgroves on a 
nanowired superhydrophobic surface [6] (c) all promoted selective nucleation of droplets 
on the energetically favorable hydrophilic areas while the hydrophobic regions stayed 
droplet free. 
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3.3 Flooding on Superhydrophobic Nanostructured Surfaces: 
Nearly all the previous reports that utilize jumping mode removal prove the 
functionality of the concept in low supersaturation ESEM environment (S = Pvap / Psat) 
where subcooling and heat flux values are very low and not comparable to real-world 
systems. Miljkovic et al tested copper oxide superhydrophobic surfaces first in ESEM 
environment and then in pure steam environment on the outer surface of a heat 
exchanger. CuO surface successfully performed jumping mode removal in ESEM 
environment and also during the scalable tests on the heat exchanger at low 
supersaturations [1]. However, when harsher conditions were tested with higher 
supersaturations (S = 1.54), the jumping mode broke down leading to flooding and as a 
result the superhydrophobic surface performed even worse than traditional dropwise 
condensation in terms of heat transfer performance. Similarly, two-tiered 
superhydrophobic surfaces of Cheng et al. performed excellent jumping mode removal in 
ESEM, but a thick liquid film accumulated on the surface when harsh conditions were 
introduced in the custom built vapor chamber [40]. Flooding on the superhydrophobic 
surface was again due to failure of jumping mode removal mechanism and it caused the 
superhydrophobic surface perform poorly when compared to hydrophilic and 
hydrophobic surfaces. Hou et al. also reported that their nano-grassed superhydrophobic 
surface performed worse than the smooth hydrophobic surface at high heat flux 
conditions even though it successfully performed jumping mode removal at low heat 
fluxes [4]. Fundamental problem in all three failure cases was the high number of 
nucleation sites becoming active at high heat flux conditions which resulted in in-
structure coalescence that lead to pinned, hemispherical droplets. As the pinned droplets 
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kept growing attached to the structure, adhesive forces dominated and jumping could not 
occur, which led to flooding (Figure 3.4). Therefore, while many researchers have 
proposed jumping mode superhydrophobic condensation as an effective means of heat 
transfer by looking at visual indicators; these recent and consistent failure reports from 
different groups in condensation field point to the limitations of the mechanism in high 
heat flux environments. So far, effectiveness of jumping mode removal mechanism is 
limited only to low heat flux environments like ESEM, which does not realistically 
translate to real-world conditions.  
 
Figure 3.4: Superhydrophobic condensation is extremely efficient at low 
supersaturations via jumping-mode droplet removal (a). However with increasing 
supersaturations instead of spherical droplets, non-spherical, pinned condensate forms 
and transition to filmwise condensation occurs (b) decreasing the performance 
considerably [1, 4] (c-d). 
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CHAPTER 4: NANOFABRICATION OF SUPERHYDROPHOBIC SURFACES 
4.1 Introduction and Overview 
While superhydrophobic nanostructured surfaces have been shown to 
promote enhanced condensation heat transfer, the successful implementation of these 
coatings relies both on the understanding of the governing mechanisms and development 
of scalable manufacturing strategies. Therefore, having access to a rapid, inexpensive, 
easy to apply nanofabrication technique is essential to be able to conduct research about 
the fundamental physical mechanisms of enhancement. This work demonstrates the 
fabrication and characterization of superhydrophobic coatings using a simple scalable 
nanofabrication technique based on the self-assembly of the Tobacco mosaic virus 
(TMV) combined with initiated chemical vapor deposition (iCVD). TMV biotemplating 
is compatible with a wide range of surface materials and applicable over large areas and 
complex geometries without the use of any power or heat. The virus-structured coatings 
fabricated here are macroscopically superhydrophobic (contact angle >170), and have 
been characterized using ESEM showing sustained and robust coalescence-induced 
ejection of condensate droplets.  
4.2 Nanostructured Superhydrophobic Surface 
The implementation of superhydrophobic condensation into real-world 
applications requires the development of scalable fabrication techniques capable of 
coating large areas, complex geometries, and various surface materials. In this work, 
superhydrophobic nanostructured surfaces were created using a solution-based 
biotemplating technique based on self-assembly and metallization of the Tobacco mosaic 
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virus (TMV), combined with hydrophobic functionalization using initiated chemical 
vapor deposition (iCVD) of thin polymer coatings. 
4.2.1 Tobacco Mosaic Virus  
The Tobacco mosaic virus (TMV) is used as a biological template to 
fabricate conformal coatings of high-aspect-ratio nanostructures [41]. The TMV is a well-
researched cylindrical biomacromolecule (300 nm length, 18 nm diameter) comprised of 
over 2000 coat proteins wrapped in a helical arrangement around a single strand of plus 
sense RNA [42]. It is benign to humans and stable at temperatures of up to 60C and a 
pH of 3.5 – 9. It can be safely, sustainably, and cheaply replicated in large quantities 
through the infection of the tobacco plant. The repeating arrangements of charged amino 
acids along the surface of the TMV virion can function in the nucleation of inorganic 
precursors, facilitating the metallization or mineralization of the virus. Nanoparticles and 
nanowires have been synthesized in solution using the wild-type virus coated with 
various materials both on and within the virus structure [43-45]. Additionally, cysteine 
binding sites have been introduced using genetic modifications to facilitate self-assembly 
and metallization in a near-vertical arrangement onto various surfaces [46, 47]. Using this 
modification surface-bound TMV have been demonstrated for enhancing micro-batteries 
[48-51], light harvesting systems [52], and surface wettability [53, 54]. 
4.2.2 Growth and Harvesting of the Tobacco mosaic virus 
The TMV solution required for biotemplation of nanostructures is obtained 
via several chemical and physical separation processes that the infected tobacco leaves 
undergo. In order for this to happen, first, the healthy tobacco seeds of Nicotina tabacum 
cultivar Xanthi type are sowed into a pot. After being exposed to light for 12 hours a day 
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on moist soil, seedlings appear in 7-10 days (Figure 4.2a). Then each seedling is 
transferred to their individual space and keep growing for 3-4 weeks (Figure 4.2b). At 
this size, they are first sprayed over with carborandum to create micro-cracks on the 
leaves and then each leaf is infected by wiping TMV solution on the vein areas (Figure 
4.2c). After infection the leaves are let grow for an additional 3-4 weeks until they show 
symptoms of infection, which is the dark/light green mosaic pattern on the leaf surface 
(Figure 4.2d). Then the leaves are harvested simply by  cutting them off the branches and 
stored in a freezer at -20 °C until needed for TMV extraction. 
 
Figure 4.1: The Tobacco mosaic virus (TMV) and its genetic modification. (a) 
Illustration of the TMV structure with RNA strands and coat proteins. (b) TEM image of 
the non-mutated, wild type TMV. (c, d) The cysteine residues introduced during the 
genetic modification and the C-terminus shielding around them. Reprinted with 
permission from The Encyclopedia Britannica [55]. (b) Reprinted with permission from 
Elsevier [56]. (c, d) Reprinted with permission from IOP [49]. 
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Figure 4.2: Steps of Tobacco growth and infection for Tobacco mosaic virus. Seedlings 
are first grown in a single pot (a), then transferred to individual spaces (b). Every single 
leave is infected at the end of 4
th
 week and after an additional 3-4 weeks, the mosaic 
pattern becomes visible, meaning the leaves are ready for harvest. 
In order to separate the virus from the leaves, the leaves are first blended in 
the extraction buffer (200g of leaves: 1 liter of extraction buffer). Then the liquid portion 
is strained using cheese cloth (Figure 4.3a, b). The dark green liquid is transferred into 
centrifuge bottles and a small amount of chloroform (1:40 in volume) is added to help 
separation of coarse plant material. After centrifuging at 10k rpm for 10minutes, the 
resulting yellow colored liquid is taken and mixed with Polyethylene glycol (60g for 1lt) 
and Potassium chloride (15g for 1lt). Once all the chemical is mixed well with the yellow 
solution, another centrifuge step at 10k rpm for 10 minutes is run to obtain the first 
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observable TMV on the sidewalls of the bottle (Figure 4.3c). The solid pellet on the 
sidewalls is separated using phosphate buffer. Sugar gradient solution is prepared for the 
next separation step, which is 20-30g Sucrose: 100mL of phosphate buffer. The liquefied 
pellet is added on top of this sugar solution (Figure 4.3d) and then centrifuged for 2 hours 
using a swinging bucket rotor (Beckman SW28) at 22500 rpm. Because the sugar 
solution is a gradient solution, the TMV particles can be found in the middle section of 
the liquid while most of the dirt particles are at the bottom (Figure 4.3e). The middle 
particle is carefully extracted using a pipette and transferred into other bottles where the 
rest is filled with phosphate buffer. The solution is centrifuged one final time with a fixed 
angle rotor at 30k rpm for 2 hours and the resulting pellet is the purified TMV (Figure 
4.3f) which later suspended in small amounts of phosphate buffer for storage. 
4.2.3 Virus-templated Nanostructured Coatings 
The genetically modified virus is used here to produce nanostructured 
coatings on gold-coated silicon chips (10nm Cr / 30nm Au) using a solution-based room-
temperature process. First the chips are submerged 24 hours in a 0.1 g/L virus solution 
which is obtained from the previously explained centrifugation processes. Here the TMV 
naturally self-assembles onto the surface which is followed by immersion in a palladium 
catalyst bath (1:15 mixture of 10 mM sodium (II) tetrachloropalladate (Na2PdCl4) and 
0.1M sodium phosphate buffer) for 2-3 hours where palladium nanoclusters form on the 
TMV surface. Finally, the samples are placed in 1:1 Water: Electroless nickel plating 
solution (0.1 M nickel (II) chloride (NiCl2), 0.15 M sodium tetraborate (Na2B4O7), 0.25 
M glycine, and 0.5 M dimethylamine borane (DMAB)) for 2-5 minutes, where a thin 
shell of nickel is electrolessly deposited onto the palladium catalyst. 
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Figure 4.3: Centrifugation processes to obtain TMV are shown. (a-c) First the coarse 
plant material is separated from the virus and then by using gradient centrifugation, TMV 
is further separated from plant material (d, e). The final centrifuge step provides the most 
pure form of TMV (f) that can be suspended in buffer as a concentrated solution for later 
use.  
The virus acts only as a temporary scaffold for the deposition of nickel and has no effect 
in maintaining the nanostructure afterwards. Figure 4.4e-f shows SEM images of the 
resulting nanostructured coatings at two magnifications and orientations, where the 
resulting high-surface-area nickel nanocoatings are ~1 m tall with individual 
nanostructures ~100 nm in diameter.  
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Figure 4.4: Scalable nanomanufacturing using self-assembled Tobacco mosaic virus 
(TMV). (a) TEM image of the wild-type TMV. (b) Tobacco plants are grown in the lab 
and infected with the TMV, leading to (c) the characteristic mosaic pattern. (d) The three-
step solution-based biotemplating process where the TMV assembles onto a metallic 
surface and is coated with palladium nanoclusters and then electrolessly plated to form a 
nickel shell. (e-f) Final nickel nanostructure and (g) the nanostructure with and without 
PTFE coating. Scale bars: 1μm 
4.2.4 Scalability of TMV Biotemplating 
The biotemplated nanostructuring techniques is a solution bath based process 
and it occurs entirely at room temperature. This process does not require any external 
power and because it is solution bath based, the process is independent of size and shape 
of the surface to be coated making nanostructuring of complex geometries possible. This 
method is also compatible with a variety of materials which provides significant 
advantage over other nanostructuring techniques due to its applicability to common heat 
transfer materials. Substrate independency is demonstrated here using gold coated silicon, 
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aluminum, stainless steel and copper. Figure 4.5 displays the before and after coating 
images of 1x1cm samples. Oxidation and contamination are potential problems that may 
prevent the self-assembly of TMV, so therefore by using sandpaper, all surfaces are 
sanded first to get rid of oxides. For the gold coated silicon sample, a TMV solution bath 
of 0.1 mg/mL concentration is used for 24 hours (Figure 4.5a), while the metal samples 
required a higher concentration (0.2 mg/mL) for a longer duration (36-48 hours) (Figure 
4.5b-d). The reason for increased concentrations and deposition time is attributed to the 
reactive nature of the metal substrates and their tendencies to become oxidized. Also, the 
buffer solution in which the TMV is suspended reacts with metal surfaces, slowing down 
the self-assembly of the TMV onto the surfaces.  
To demonstrate the application of this nanostructuring technique to complex 
geometries, microstructured silicon surfaces were used. For the fabrication of the 
microstructured structures, silicon wafers were first patterned via photolithography with 
circular features of 3-5 μm diameter at varying pitch on square or hexagonal arrays. Then 
these wafers were etched 8 μm deep with a deep reactive ion etcher (DRIE), following 
the Bosch process, to obtain the microstructured surfaces (Figure 4.5e). These surfaces 
were then coated with a thin chromium/gold (10nm/30nm) coating and diced into 
individual samples in preparation towards the Tobacco mosaic virus (TMV) biotemplated 
nickel nano-structuring step. The gold coated microstructured surfaces were kept in the 
TMV bath for 24 hours and the palladium catalyst and nickel reduction steps were 
applied as described before to finalize the fabrication of the hierarchical surfaces with 
two-tier roughness (Figure 4.5f-g).  
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Figure 4.5: The TMV biotemplated nanostructured nickel coatings on common metallic 
surfaces. The technique is demonstrated on 1cm x 1cm gold (a), aluminum (b), stainless 
steel (c), and copper (d) surfaces with before and after deposition images and also with 
detailed SEM imaging.  Images (e) through (g) demonstrates the application of TMV 
biotemplated nanostructuring technique to complex geometries. Silicon micropillars (e) 
are conformally coated with nanostructures to obtain hierarchical structures (f-g). 
 
 
31 
 
 
4.2.5 Initiated Chemical Vapor Deposition 
To create superhydrophobic surfaces, the virus-structured nickel 
nanocoatings shown in Figure 4.4e-f were functionalized with a thin coating of 
polytetrafluoroethylene (PTFE) using initiated chemical vapor deposition (iCVD). iCVD 
is a proven one-step technique for achieving conformal, uniform, and ultrathin PTFE 
films [2, 57-59]. All iCVD based work in this thesis has been conducted through 
collaborative work with Dr. Kenneth K.S. Lau from Biological and Chemical 
Engineering department at Drexel University. This technique has distinct advantages over 
other methods such as hot-filament chemical vapor deposition (HFCVD)
 
[60], plasma-
enhanced CVD [61, 62], laser deposition [63], and electrospraying [64], which typically 
involve more than one step and result in thicker films or non-stoichiometric “PTFE-like” 
films. The details of the iCVD process have been described previously [65-68]. Briefly, 
iCVD PTFE synthesis involves: (1) the introduction of hexafluoropropylene oxide 
(HFPO) vapor as monomer and nonafluorobutanesulfonyl fluoride (FBSF) as initiator 
into the iCVD reactor chamber, (2) thermal activation of the initiator vapor using an array 
of resistively heated filament wires at 300 °C, (3) adsorption of both activated initiator 
and monomer onto the sample surface which is cooled using a recirculating bath at 20 °C, 
and (4) polymerization-co-deposition on the cooled surface by addition of monomer units 
to the activated initiator sites. Figure 4.4g shows an SEM image of the resulting 10 nm 
thick PTFE coating deposited conformally onto the complex TMV nanostructure 
geometry, as compared to an area not coated with PTFE. This was achieved using a 
standard photoresist lift-off process. The resulting superhydrophobic nanostructured 
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surfaces have equilibrium contact angles of ~170, as well as roll-off tilt angles and 
contact angle hysteresis values well below 2, consistent with previous findings [54]. 
 4.3 Wetting and Droplet Morphology  
While macroscale measurements show that the surfaces are nearly perfectly 
superhydrophobic, environmental scanning electron microscopy (ESEM) was used to 
characterize the microscale wetting dynamics and droplet morphologies during 
condensation. An FEI XL30 ESEM was operated in wet-mode and coupled with a 
thermoelectric stage to sub-cool the samples. The chamber was filled with water vapor at 
4.4 ± 0.5 Torr and the cold stage was initially brought down to the saturation temperature. 
Once the sample temperature reaches equilibrium, it was then incrementally sub-cooled 
by ~1 °C to initiate condensation, corresponding to a supersaturation of S = 1.06. 
Supersaturation is defined as the ratio of vapor pressure to the saturation pressure 
corresponding to the surface temperature.  
Figure 4.6a shows near spherical microscale condensate droplets with 
diameters smaller than 5 m. A high-inclination viewing angle was used to characterize 
the large apparent contact angles of the droplets. By measuring the height and diameter, 
as shown in the inset of Figure 4.6a, the apparent contact angle can be geometrically 
determined. Figure 4.6c shows the measured apparent contact angle () as a function of 
radius (R) where contact angle decreases with droplet size, plotted against the 
macroscopically measured value. It can be seen that the contact angles are approximated 
well (for radius of 2.5 - 11 m) using a curve fit of the form 
 𝜃 = cos−1 (
𝑅𝑝
𝑅
) +
𝜋
2
 (4.1) 
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where RP is representative of the pinned diameter at the droplet base. This measurement 
and curve fitting technique was demonstrated by Enright et al. for micro/nano structured 
surfaces [69]. 
Figure 4.6b shows coalescence-induced ejection where two or more droplets 
coalesce and the excess surface energy is converted to kinetic energy, resulting in the 
characteristic jumping phenomena. The surfaces demonstrated continuous and stable 
coalescence-induced ejection for supersaturations of S = 1.06 – 1.12, with no breakdown 
or flooding. Due to the stability of the iCVD PTFE coatings, the samples fabricated in 
this work remained superhydrophobic indefinitely. They were periodically cleaned, using 
solvents and air plasma, and tested multiple times over the course of two months with no 
visible degradation in performance.  
 
Figure 4.6: Environmental SEM (ESEM) imaging showing superhydrophobic behaviors 
for microscale condensate droplets. Scale bar is 20 m and inset shows high-inclination 
measurement of droplet diameter and height (a). ESEM video capture (frames are 10 s 
apart) showing coalescence-induced ejection of droplets. Scale bars are 100 m (b). 
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Droplet apparent contact angle as a function of radius, measured from ESEM images, 
plotted against Equation 4.1 and the macroscopically measured apparent contact angle. 
4.4 Conclusions 
A novel, biotemplated nanostructuring technique is reported. The Tobacco 
mosaic virus can be replicated in large quantities in lab environment which results in a 
purified TMV solution. Substrates to have nanostructures are dipped into this solution for 
the TMV to self-assemble itself and later the resulting bio-template is metallized to create 
the nanostructures. This process occurs entirely at room temperature and it is independent 
of substrate geometry and material. Hydrophobic polymers can be added to create 
extremely water repellent surfaces that can be used for condensation applications. 
 
1. Demonstrated the use of a novel biotemplated nanofabrication technique on a 
variety of surface material and complex geometries. 
2. Developed superhydrophobic surfaces using the biotemplated nanostructures that 
utilize iCVD induced Teflon coatings which provide robust and conformal 
coating. (Collaborative work with Prof. K. K. S. Lau and Dr. C.Y. Hsieh, Drexel 
University) 
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CHAPTER 5: FULL-FIELD DYNAMIC CHARACTERIZATION OF 
SUPERHYDROPHOBIC CONDENSATION  
5.1 Introduction and Overview 
While superhydrophobic condensation promotes high heat transfer 
coefficients, measurements using the existing methods cannot be effective at low heat 
fluxes due to the challenges in detection of infinitesimal temperature changes. In this 
work, full-field dynamic characterization of TMV biotemplated nanostructured 
superhydrophobic surfaces during condensation in the presence of non-condensable gases 
is reported where optical microscopy and image processing algorithms are used to track 
the wetting and growth dynamics of 100’s to 1000’s of microscale condensate droplets 
simultaneously. Using this non-contact approach, over 3 million independent 
measurements of droplet size have been used to characterize global heat transfer 
performance as a function of nucleation site density, coalescence length, and the wetted 
surface area during dynamic loading. Additionally, the history and behavior of individual 
nucleation sites, including coalescence events, has been characterized. This work 
elucidates the nature of superhydrophobic condensation, and its enhancement, including 
the role of nucleation site density during transient operation. 
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5.2 Experimental Characterization 
5.2.1 Optical Microscopy of Superhydrophobic Condensation 
In Chapter 4, fabrication of TMV biotemplated nanostructured 
superhydrophobic surfaces was demonstrated and condensation was observed on these 
surfaces. While ESEM is useful for understanding the morphology and wetting dynamics 
of individual droplets, it has several inherent limitations. It cannot characterize the full-
field dynamics of droplet nucleation, growth, and ejection during superhydrophobic 
condensation due to slow imaging times, and is limited to a narrow range of operating 
pressures and temperatures. Additionally, beam heating effects complicate the 
measurement of temperatures and heat fluxes, and can damage the surface leading to 
artificially increased nucleation sites densities [69, 70]. While recent work has focused on 
mitigating these effects and has demonstrated impressive results using ESEM
 
[10, 33, 
34], the current work focuses on optical microscopy techniques combined with image 
processing for the full-field dynamic characterization of superhydrophobic condensation. 
A custom-built test apparatus (Figure 5.1) was used to control the environmental 
conditions within a chamber directly below the objective of an upright optical microscope 
(Nikon Eclipse LV150) fitted with a high-speed camera (Phantom V210). The surface 
temperature of the samples was controlled using a cold plate and a circulating bath; while 
the saturation conditions within the chamber were controlled using nitrogen sparged 
through water and measured using a high-sensitivity humidity probe (Rotronic HC2-S). 
Using this set-up, jumping-mode superhydrophobic condensation was characterized in 
the presence of non-condensable gases (NCGs). This set-up allows for the investigation 
of the effects of loading and ramp rate on droplet density, size distribution, wetting states, 
and overall heat transfer performance.  
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Table 5.1: Experimental test conditions for superhydrophobic condensation in the 
presence of non-condensable gases. 
 
The four distinct experimental conditions studied in this work are shown in 
Table 5.1. The steady state saturation temperature difference between the sample surface 
and the vapor in the chamber (T∞sat) was set to be either 2.5°C or 6.5°C, and the system 
was allowed to reach steady state at either a “fast” or “slow” rate. Table 5.1 lists the ramp 
speed () and the steady state values for surface temperature (TS), chamber temperature 
(T
∞
), relative humidity (RH), and saturation temperature difference (T∞sat) for the four 
cases investigated here.  
 
Figure 5.1: Experimental apparatus for characterization of superhydrophobic 
condensation 
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5.2.2 Image Processing 
During testing the 1 MPixel high speed camera records images at 3 fps 
starting before the initial onset of droplet nucleation and continues for roughly 12 
minutes (>700 s).  Figure 5.2a shows a representative set of time-lapse images over the 
course of one test, where the field of view of the frames is just over 0.5 mm x 0.5 mm. 
This was chosen to maximize image resolution while also capturing a large number of 
droplets in each frame. Each of the testing conditions investigated here yielded sustained 
and complete jumping-mode superhydrophobic condensation, where the repeatable 
nucleation, coalescence, and ejection from active nucleation sites can be seen. After the 
experiments were completed, the recorded movies were decomposed into image files for 
each individual frame (>2000 files per movie), which were then fed into a droplet 
detection algorithm using MATLAB. The location (x-y coordinates) and radii of each 
droplet was measured for each frame in the entire movie. This corresponds to 300 – 1,900 
droplets per frame and up to 1 million radius measurements per movie, where the image-
processing algorithm detected droplets with radii as small as 1.25 m. Growth from the 
critical radius of nucleation to this minimal detected radius occurred extremely fast (< 1 
s), accounting for a negligible amount of the total heat transfer. Additionally, calibration 
tests at higher magnifications (100x) were used to verify that smaller droplets were not 
present on undetected nucleation sites.  
Using this process, the history of an individual nucleation site can be 
characterized, including the coalescence and ejection of groups of droplets. Figure 5.2b-c 
shows magnified images of two groups of droplets before and after a coalescence event 
(0.33 s apart), where the red circles indicate the droplet on the “primary” nucleation site, 
40 
 
 
which coalesces with the neighboring green droplets. Figure 5.2d-e shows the 
corresponding radius as a function of time for the primary nucleation sites shown in 
Figure 5.2b-c, respectively. The droplets in Figure 5.2b undergo repeated coalescence-
induced ejection as seen in Figure 5.2d, where a new droplet nucleates after each ejection 
event. The droplets in Figure 5.2c coalesce but do not immediately eject, leaving the 
larger blue droplet behind. This is shown in Figure 5.2e, where an abrupt increase in 
droplet radius is seen. The droplets eventually eject during a later coalescence event, and 
the process repeats continually. The measurement technique presented in this work 
allows for the direct quantitative characterization of the history of each active nucleation 
site, over the entire duration of the experiment and over areas much larger than the 
characteristic droplet coalescence length (the average distance between sites). 
 
Figure 5.2: Optical microscopy of droplet nucleation, growth, coalescence, and ejection. 
(a) Time lapse imaging of superhydrophobic condensation captured using optical 
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microscopy. Showing the ability to characterize (b) coalescence and ejection, as well as 
(c) coalescence and non-ejection of microscale droplets. (d,e) Radius versus time plots 
for the red nucleation sites shown in (b) and (c), respectively. In (b) and (c) the green 
droplets coalesce with the primary red droplet, while the resulting coalesced droplet is 
ejected in (b) and remains on the surface (shown in blue) in (c).  
5.2.3 Droplet Growth Rate  
Using the image processing data from each movie, the growth rate of 
individual droplets has been characterized. Figure 5.3 shows droplet radius as a function 
of time for more than 20 individual droplets extracted from the two videos captured at 
T∞sat = 6.5°C. Droplets are chosen from random locations across the entire duration of 
both the “fast” and “slow” ramp rates. These droplet growth rates are superimposed onto 
one another starting at the moment of droplet nucleation continuing until coalescence. 
This data includes droplets with a wide range of sizes and coalescence lengths, as well as 
droplets that have undergone coalescence and non-ejection events (as shown in 
Figure 5.2e), where even after combining with neighboring droplets the growth rates are 
consistent. The growth rate data in Figure 5.3 is plotted against a power-law fit (solid 
line) as well as modeling predictions (dashed line) based on thermal circuit analysis. The 
power-law fit is of the form 
  (5.1) 
where B and C are empirically derived constants. As shown in Figure 5.3, all of the 
droplets measured in this work (including all four test conditions) are approximated well 
using a power coefficient of C = 0.35. While the proportionality constant B was 
independent of ramp rate, but varied with T∞sat as would be expected. These results are 
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consistent with previous investigations of Beysens and others, where droplet size was 
found to increase with time raised to the power of ~1/3 [71-73]. 
 
 
Figure 5.3: Droplet growth rate at T∞sat= 6.5C, showing radius as a function of time 
for 20 separate droplets (from both the fast and slow ramp tests), plotted against the 
thermal circuit model prediction (dashed line) and a power law fit (solid line). 
The experimental apparatus allows for precise control of the temperature 
difference between the superhydrophobic surface and the saturation temperature of the 
water vapor within the chamber (T∞sat= T
∞
sat-Ts). This, however, is not an accurate 
representation of the saturation conditions near the surface due to the large amount of 
NCGs in the system. Mass diffusion through the non-condensable nitrogen will reduce 
the concentration of water vapor near the surface, leading to a dramatic decrease in 
saturation temperature near the liquid-vapor interface (T
 i
sat). The interfacial saturation 
temperature difference (T isat= T
 i
sat -Ts) has been determined using closed-form thermal 
circuit modeling of microscale condensate droplets on superhydrophobic surfaces, as first 
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reported and experimentally validated by Miljkovic et al.[10]. This model evaluates the 
thermal resistance from the saturated vapor (near the interface) through a droplet of 
known size and apparent contact angle and into a nanostructured surface of known 
dimensions, material properties, and temperature. By relating the heat transfer rate given 
by this model to the growth rate of the droplet (and solving numerically), radius as a 
function of time can be determined. Figure 5.3 show good agreement between this model 
and the experimental results obtained here, predicting interfacial saturation temperature 
differences (T isat) notably less than the chamber saturation temperature difference 
(T∞sat). These values are consistent to first order with simplified one-dimensional mass 
diffusion predictions. As shown, the saturation temperature difference near the liquid-
vapor interface was independent of ramp rate, but varied with T∞sat, as would be 
expected.  
5.2.4 Dynamic Full-Field Characterization  
In addition to capturing the history of individual nucleation sites and droplet 
growth rates, the combination of optical microscopy and image tracking presented in the 
work has been used for dynamic full-field characterization of superhydrophobic 
condensation in the presence of NCGs. Time-varying characteristics of the samples (both 
surface-averaged and cumulative in nature) can be evaluated using the measured radii for 
each droplet in each frame of the movies. Figure 5.4 shows droplet density (the number 
of droplets per unit area) for several ranges of radius as a function of time, for T∞sat= 
6.5°C with a slow ramp rate. Dynamic variations in droplet size distribution can be seen 
during an initial transient phase, eventually leveling off to steady state behavior. During 
steady state, there is approximately the same number of droplets with radii less than 5 
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m, as those with radii between 5 - 10 m. The densities of the larger radii ranges are 
roughly an order of magnitude less, suggesting a surface-averaged coalescence length 
close to, but below, 20 m.  
 
Figure 5.4: Time-varying droplet density and size distribution for T∞sat= 6.5C and a 
slow ramp (Test S_6.5 from Table 5.1). Experimental uncertainty in droplet density is 
estimated to be ±1%. 
Figure 5.5 shows active nucleation site density (N), average droplet radius 
(?̅?), and total surface heat flux (?̇?′′) as a function of time for all four testing conditions, 
showing the impact of saturation temperature difference as well as ramp rate. N is 
calculated by simply adding up the number of droplets in each frame, while ?̅? is the 
arithmetic mean of the detected droplets in each frame. The total heat flux is calculated as 
 
 
(5.2) 
where A is the area of the field of view (525 m x 525 m). The heat transfer rate 
through an individual droplet is calculated by evaluating its growth rate  
 
 
(5.3) 
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where W and hfg are the liquid density and latent heat of vaporization of water. By 
differentiating the volume of a truncated spherical droplet with respect to time, the 
growth rate (dV/dt) can be rewritten, yielding 
 
 
(5.4) 
where  is the apparent contact angle of the droplet. The total surface heat flux at each 
time step is calculated using eq 5.2 by adding up the heat transfer rates of each individual 
droplet on the surface, as given by eq 5.4. For each droplet the radius is measured using 
image processing and the apparent contact angle is given by eq 4.1. The dR/dt and d/dR 
terms are calculated by differentiating the experimentally validated approximations given 
by Equations 4.1 and 5.1, and evaluating them at the measured droplet radii. 
 
To correlate overall heat transfer performance with wetting and droplet 
dynamics, three relevant area ratios are calculated as 
 
 
(5.5) 
 
 
 
(5.6) 
   
  
 
 
(5.7) 
 
and plotted in Figure 5.6 as a function of time, where   
  (5.8) 
46 
 
 
  (5.9) 
   
 
 (5.10) 
 
Figure 5.5: Time-varying (a) active nucleation site density, N, (b) average droplet radius, 
?̅?, and (c) total surface heat flux, ?̇?′′, as a function of time for the four test conditions 
from Table 5.1. Experimental uncertainties are estimated to be ± 1%, ± 5%, and ±11%, 
respectively. The dotted lines in (c) represents data with an uncertainty > 30%, due to the 
large uncertainty in droplet growth rate at small average radii. 
The projected area (Ap,drop) is the footprint area of a droplet; the interfacial area (Ai,drop) is 
the area of the liquid-vapor interface of a droplet; and the wetted area (Aw,drop) is the 
apparent area of the solid-liquid interface underneath a superhydrophobic droplet. Figure 
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5.6 shows the cumulative values of these areas, divided by the sample field of view area 
(A).  
The total surface heat flux shown in Figure 5.5c has been plotted in two 
distinct regions, an initial region of increasing nucleation site density and heat flux 
(lighter data) and a much larger region of decreasing nucleation site density and heat flux 
(darker data). The experimental uncertainty in the initial region is notably larger (>30%) 
than that calculated for the remainder of the data. This is due to the extremely small 
initial droplet sizes and the resulting uncertainty in droplet growth rate. After this initial 
region, the calculated heat flux matches well with predictions from thermal circuit 
modeling. Figure 5.7a shows the measured total surface heat flux plotted relative to the 
heat flux predicted using the model. The two show excellent agreement with one another, 
with differences of less than 10% between them. The experimental measurement 
technique is based on growth rate and requires empirically derived relationships (and 
their derivatives), which have been determined using measurements from dozens of 
droplets. The model, however, is based on thermal circuit analysis using both material 
and geometric properties of the superhydrophobic surfaces as extracted from SEM 
images. The consistency between these two approaches indicates that the technique 
developed to characterize dynamic heat flux is accurate within the calculated uncertainty 
of 11%. Using a 1 MPixel camera at 3 fps, heat flux has been measured with an 
accuracy of down to 2 W/m2; this is notably less than those reported using non-optical 
techniques relying on thermocouple measurements. While the characterization technique 
presented here has been used to measure relatively low heat fluxes (20 – 275 W/m2 due to 
NCGs), its range and accuracy is dictated by the microscope optics, camera resolution, 
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and frame rate alone. This measurement scheme can easily be extended to higher fluxes 
and measurement accuracies using larger optical magnification, camera resolution, and 
frame rate. While the frame rate used here (3 fps) was more than sufficient to accurately 
capture the droplet growth for the reported tests (hundreds of data points from nucleation 
to coalescence), the camera is capable of running at 2,000 fps at full resolution, and up to 
300,000 fps at reduced resolution. This shows, that with the proper equipment and longer 
image processing times, this technique can be accurately applied to systems with heat 
fluxes several orders of magnitude higher than those measured here. 
5.3 Heat Transfer Implications 
Figures 5.5 and 5.6 capture the dynamic behavior during superhydrophobic 
condensation under the loading conditions outlined in Table 5.1. These include time-
varying droplet densities, active nucleation sites, wetting phenomena, and the resulting 
total surface heat flux. These parameters eventually reach steady state, showing the 
effects of saturation temperature difference and ramp rate on superhydrophobic 
condensation in the presence of NCGs. For each test, larger saturation temperature 
differences (T∞sat) lead to higher nucleation site densities, smaller average droplet sizes, 
and higher heat fluxes, as would be expected. Additionally, it is seen that faster ramp 
rates lead to higher total surface heat fluxes due to increased nucleation site densities. 
This is due to the effects of NCGs in the very early stages of each test.  Prior to applying 
the thermal ramping, there is essentially no heat flux across the surface. The 
concentration of water vapor near the interface is not affected by mass diffusion through 
the NCGs, and therefore much higher than at steady state. By ramping quickly, the 
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activation of more nucleation sites is possible by exposing the surface to both higher 
temperature differences as well as higher vapor concentrations in these very early stages. 
 
Figure 5.6: Dynamic (a) projected area ratio, AP/A, (b) interfacial area ratio, Ai/A, and (c) 
wetted area ratio, Aw/A, as a function of time for the four test conditions from Table 5.1. 
Experimental uncertainties are estimated to be ±4 %, ±6 %, and ±4 %, respectively. 
These effects are seen to have a critical impact on the steady state performance of the 
surfaces. More nucleation sites lead to smaller coalescence lengths, resulting in surfaces 
with more droplets of smaller average size. Figure 5.6 shows three measures of the 
resulting wetting states and interfacial areas. As can be seen, for all cases the surface 
coverage (projected droplet area) was around 20% of the surface, but notable differences 
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can be seen in the liquid-vapor and liquid-solid area ratios. Figure 5.6b shows that 
depending on the loading conditions, the liquid-vapor interfacial area can be greater than 
(Ai /A > 1) or less than (Ai /A < 1) the actual area of the surface being tested, which is a 
potential means of heat transfer enhancement. Figure 5.6c shows that the wetted area of 
the surface is only 1-3% of the actual surface area at steady state. Additionally, this 
steady state wetted area varied substantially with both thermal loading as well as ramp 
rate.  
 
Figure 5.7: Comparison of the experimentally measured total surface heat flux, and the 
heat flux predicted using the thermal circuit model (a) and experimentally measured total 
surface heat flux plotted relative to active nucleation site density for the four test 
conditions from Table 5.1 (b). The experimental uncertainties in ?̇? and N are estimated to 
be ± 11% and ± 1%, respectively. 
 
While Figure 5.5 and 5.6 show detailed information about the dynamic 
behavior of the relevant performance parameters during transient loading, it is more 
insightful to characterize the interdependence of these parameters. Figure 5.7b shows the 
experimentally measured total surface heat flux plotted relative to the experimentally 
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measured nucleation site density for all four tests. A linear relationship can be seen for a 
given thermal loading, where over the course of a test the number of droplets on the 
surface varies (as seen in Figure 5.5a), corresponding to variations in heat flux. This 
behavior is independent of ramp rate, showing higher heat fluxes at higher temperature 
differences as would be expected. This shows the importance of nucleation site density 
on enhancing heat transfer rates using jumping-mode superhydrophobic condensation.  
Figure 5.8 shows the heat transfer coefficient, hc, as a function of both the 
coalescence length, Lc, as well as the wetted area ratio, Aw /A, where the heat transfer 
coefficient is defined using the saturation temperature difference at the interface: 
 ℎ𝑐 =
?̇?
∆𝑇𝑠𝑎𝑡
𝑖
 (4.11) 
The coalescence length is a measure of the average distance between nucleation sites 
(and droplet diameter at coalesce), and is defined as 
 𝐿𝑐 =
1
2√𝑁
 (4.11) 
 
assuming a Poisson distribution as shown by Enright et al.[69]. An inverse relationship 
between heat transfer coefficient and coalescence length can be seen, where smaller Lc 
leads to more densely packed nucleation sites and droplets, resulting in higher heat 
transfer. Figure 5.8b shows a definitive linear relationship between heat transfer 
coefficient and the apparent solid-liquid wetted area of the surfaces. Conversely, no 
discernable dependency was found by plotting heat transfer coefficient relative to the 
projected area ratio (Ap/A) or the interfacial area ratio (Ai/A). This suggests that heat 
conduction through the wetted base of the microscale droplets plays a critical role in the 
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overall heat transfer rate. This is consistent with previously reported findings 
investigating single droplet growth rates using ESEM imaging [10]. 
 
Figure 5.8: Experimentally measured heat transfer coefficient plotted relative to (a) 
coalescence length and (b) wetted area ratio. The experimental uncertainties in hc, Lc, and 
Aw/A are estimated to be ± 12%, ± 1 % and ± 4 %, respectively.  
Due to the presence of NCGs, the maximum heat transfer coefficient 
measured here has been limited to hc = 17 kW/m
2
. By defining hc using the interfacial 
saturation temperature difference, the effects of mass diffusion through the NCGs and the 
associated reduction in saturation conditions near the droplets has been accounted for. 
However, the presence of NCGs still suppresses nucleation, thus reducing the active 
nucleation site density and increasing the coalescence length. The trend in Figure 5.8a 
suggests that the surfaces would exceed hc ~ 100 kW/m
2 
(comparable to the results shown 
by Miljkovic et al. with no NCG [19]) at coalescence lengths of Lc ~ 2.5 m. 
Additionally, it has been shown that coalescence-induced ejection breaks down when the 
coalescence length approaches the characteristic nanostructure spacing [19, 69, 74] . The 
biotemplated nanostructured superhydrophobic surfaces fabricated here, have 
53 
 
 
characteristic nanostructure spacings of well below 1 m. This suggests that heat transfer 
coefficients approaching hc ~ 1,000 kW/m
2
 are theoretically possible before 
nanostructure flooding occurs. These predictions are speculative and the true 
performance would realistically depend on a variety of other factors. However, the 
approach presented in this work allows for the ability to dynamically measure relevant 
heat transfer and wetting parameters over a wide range of values, and ultimately 
characterize their interdependence. In contrast, other research in the field typically reports 
steady-state measurements (or no heat transfer measurements) at singular loading 
conditions and nucleation site densities.  
5.4 Conclusions 
The typically low heat fluxes and the small temperature differences 
associated with the condensation process on superhydrophobic surfaces are difficult to 
measure with the existing thermal sensing technology; therefore it is challenging to 
quantify the heat transfer coefficients. Nanostructured surfaces are fabricated with the 
biotemplating technique used in Chapter 4, and then iCVD is used to functionalize these 
surfaces with PTFE. ESEM is used for droplet morphology characterization and optical 
microscopy is used for creating test conditions at different subcoolings and nucleation 
site densities. An image tracking algorithm is built to capture the entire condensation 
experiments to track every droplet’s lifespan, from nucleation to removal. This allowed 
measurements of droplet number, sizes, growth rates and locations which were then used 
to reach heat transfer information. Using this technique, the importance of nucleation site 
density, coalescence length, and apparent wetted area ratio on overall heat transfer 
performance has been explicitly determined, leading to insights regarding the nature of 
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superhydrophobic condensation as well as its enhancement through novel nano-coating 
designs. 
1. Developed a novel, non-contact, optical characterization technique using image 
tracking algorithms that extract each individual droplet’s information to reach 
overall condensation heat transfer information on superhydrophobic surfaces in 
the presence of non-condensable gases. 
2. Experimentally demonstrated the relationships between heat flux (?̇?′′) and 
nucleation site density (𝑁); and heat transfer coefficients (ℎ𝑐) and wetted area 
ratios (𝐴𝑤/𝐴). 
Publications: 
E. Ölçeroğlu, C.Y. Hsieh, M.M. Rahman, K.K.S Lau, and M. McCarthy, "Full-Field 
Dynamic Characterization of Superhydrophobic Condensation on Biotemplated 
Nanostructured Surfaces", Langmuir 2014, 30 (25), pp 7556–7566. 
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CHAPTER 6: DELAYED FLOODING OF SUPERHYDROPHOBIC SURFACES 
6.1 Introduction and Overview 
Superhydrophobic surfaces enhance condensation by inhibiting the formation 
of an insulating liquid layer. While this produces efficient heat transfer at low 
supersaturations, superhydrophobicity has been shown to break down at increased 
supersaturations. As heat transfer increases the random distribution and high density of 
nucleation sites produces pinned droplets, which lead to uncontrollable flooding. In this 
work, engineered variations in wettability are used to promote the self-organization of 
microscale droplets, which is shown to effectively delay flooding. Virus-templated 
superhydrophobic surfaces are patterned with an array of superhydrophilic islands 
designed to minimize surface adhesion while promoting spatial order. Using optical and 
electron microscopy the surfaces are optimized and characterized during condensation. 
Mixed wettability imparts spatial order not only through preferential nucleation, but more 
importantly, through the self-organization of coalescing droplets at high supersaturations. 
The self-organization of microscale droplets (diameters < 25μm) is shown to effectively 
delay flooding and govern the global wetting behavior of larger droplets (diameters > 
1mm) on the surface. As heat transfer increases the surfaces transition from jumping-
mode to shedding-mode removal with no flooding. This demonstrates the ability to 
engineer surfaces to resist flooding, and can act as the basis for developing robust 
superhydrophobic surfaces for condensation applications. 
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6.2 Fabrication of Surfaces 
To investigate the effects of mixed wettability on superhydrophobic 
condensation, various nanostructured surfaces were fabricated using previously reported 
techniques leveraging the self-assembly and metallization of the Tobacco mosaic virus 
[38, 41, 53].  
6.2.1 Chemical Functionalization of Nanostructured Surfaces 
The virus-templated nickel nanostructures were functionalized using one of 
two methods, either the chemical vapor deposition of a monolayer of trichlorosilane, or 
spin coating of a nano-conformal polytetrafluoroethylene (PTFE) film. Spin-on PTFE 
was used for extended testing and characterization using optical microscopy in humid air 
conditions due to its long-term robustness. While the PTFE films showed no degradation 
over the course of weeks during this testing, it was observed that they were damaged 
easily during electron microscopy. Silane functionalization was therefore used for all 
ESEM imaging, and showed no observable degradation over a period of several hours 
during characterization. PTFE (400S2-100-1 from DuPont) was spin-coated at a speed of 
3k rpm and cured at 165 °C, 245 °C, and 330 °C for 5, 10, and 15 minutes, respectively. 
Tricohlorosilane (1H,1H,2H,2H-perfluorooctyl, Sigma Aldrich) was deposited on 
samples via chemical vapor deposition (CVD) in a desiccator chamber at <20kPa and 
after 1 hour the samples were rinsed with Ethanol.  The intrinsic contact angles of the 
silane and PTFE films (≈110°), and the apparent contact angles of the functionalized 
nanostructured surfaces (≈170°), were measured to be comparable with each other. 
Additionally, the two approaches showed nearly identical nucleation site densities under 
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constant thermal loadings, suggesting that there is very little loss of generality by 
interchanging the two methods in this work.  
6.2.2 Fabrication of Mixed-Wettability Surfaces 
To create mixed-wettability (MW) surfaces, the superhydrophobic (SHPho) 
surfaces were patterned using standard lithography techniques and the exposed 
functionalization (silane or PTFE) was etched using O2 plasma. Individual 
superhydrophobic samples were spin coated with ~2 μm thick Shipley SC1813 
(Microchem) photoresist and patterned to open windows through which the hydrophobic 
coating was etched with O2 plasma (Technics Series 800 RIE) at 250 W and 150 mTorr 
for 2 minutes. Figure 6.1 shows an example of the MW surfaces fabricated for this work, 
with Figure 6.1a showing the rectangular array of circular islands of SHPhi nickel 
nanostructures surrounded by the functionalized SHPho nanostructures. The 
superhydrophilic (SHPhi) island diameter was consistent for all surfaces (d = 3 μm), 
while the pitch between islands was varied from P = 10 μm to P = 40 μm. Figure 6.1b 
shows the underlying functionalized virus-templated nanostructures, and Figure 6.1c 
shows selective condensation onto the SHPhi islands during ESEM, validating that the 
fabrication approach has yielded spatial variations in surface wettability. 
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Figure 6.1: Nanostructured surfaces with mixed wettability. (a) SEM image of surfaces 
with mixed wettability, comprised of a superhydrophobic nanostructured surface 
patterned with a rectangular array of circular superhydrophilic islands with diameter, d, 
and a center-to-center pitch, P. (b) SEM image of virus-templated hydrophobic 
nanostructures. (c) Condensation of water onto engineered sites during environmental 
scanning electron microscopy. Scale bars are (a) 10 μm, (b) 1 μm, and (c) 60 μm. 
6.3 Experimental Section 
6.3.1 Optical Microscopy 
Optical microscopy has been used to investigate the impact of mixed 
wettability on nucleation, site density, droplet growth rates, condensate jumping, and 
spatial order. Using a previously reported experimental set-up, droplets were imaged 
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using an upright microscope at a 20x magnification during condensation heat transfer 
[38]. Each surface was exposed to humid N2 at a relative humidity of 50% in a custom 
built enclosure, and quickly brought to a saturation temperature difference of 5 °C to 
initiation nucleation. Condensation was visualized from the top down using a high-speed 
camera for each of the six MW designs considered (P = 10, 15, 20, 25, 30, and 40 μm), as 
well as nanostructured SHPho surfaces.  
The behavior of the SHPho surfaces was identical to that seen in previous 
work, with a steady state nucleation site density of 1.5 – 1.8x109 m-2, an average droplet 
diameter of 14 μm, and continuous coalescence-induced ejection. For the large-pitch MW 
samples (P = 30 μm and 40 μm), only negligible differences were seen relative to the 
SHPho surfaces. This is attributed to the fact that the density of engineered nucleation 
sites (SHPhi islands) was smaller than the density of sites naturally occurring on the 
SHPHo surfaces. The number of engineered sites is given by P
-2
, with calculated values 
ranging from 0.6 – 1.1x109 m-2 for the large-pitch MW surfaces. In these cases off-site 
nucleation dominates and very little spatial order is seen. For the medium-pitch MW 
samples (P = 20 μm and 25 μm), however, highly ordered rectangular droplet arrays are 
formed. The engineered nucleation site densities range from 1.6 – 2.5 x109 m-2 and are 
comparable to, but larger than those for the SHPHo surfaces. Figure 6.2a-b shows time 
lapse imaging of the SHPHo and MW (P = 25 μm) surfaces during condensation. It was 
seen that while the droplet growth rates were comparable, and consistent with previous 
work [38], the number of active nucleation sites has been increased using MW surfaces. 
Each frame of the optical videos was processed using image-tracking algorithms, where 
the size and location of each droplet is recorded along with details of each ejection event. 
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Details of the image-tracking algorithm can be found in a prior publication [38]. Figure 
6.2c shows the number of droplets involved in the resulting droplet ejections over the 
course of a 10 minute test. The nominal number of droplets per ejection event has been 
increased from ~2 for the SHPho surfaces to 5-6 for the MW surfaces. These increases in 
active nucleation sites and ejected droplet size show the ability of MW surfaces to 
increase heat transfer and promote droplet removal. 
For the small-pitch MW surfaces (P = 10 μm and 15 μm), highly ordered 
droplets arrays were seen with nucleation site densities 3-5 times larger than the SHPho 
surfaces. For these designs, however, no ejections were observed. The condensate 
droplets continually growing due to repeated coalescence and the resulting droplets 
remained in a superhydrophobic Cassie state. They were consistently mobile, but lacked 
the kinetic energy to jump. The absence of coalescence-induced ejection is explained by a 
lack of excess surface energy needed to overcome adhesive or cohesive forces. The total 
surface energy of N superhydrophobic droplets before and after a coalescence event is 
given by  
 𝐸𝑖 = 𝑁𝛾𝜋𝐷
2 (6.1) 
 𝐸𝑓 = 𝑁
2/3𝛾𝜋𝐷2 (6.2) 
where γ is the surface tension and D is the droplet diameter before coalescence. The 
excess surface energy after coalescence is therefore given by 
 𝐸 = (𝑁 − 𝑁2/3)𝛾𝜋𝐷2 (6.3) 
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Equations 6.1-3 assume the droplets are perfectly spherical with no appreciable wetted 
base area, which is an extremely accurate assumption for the SHPho droplets considered 
here.  
For a droplet growing on a MW surface the small wetted base area is defined 
by the engineered SHPhi islands having a diameter, d, and roughness factor, r, defined as 
the ratio of the actual surface area to the footprint area. The work of cohesion per unit 
area required to separate the bulk droplet form the surface, and leave the underlying 
SHPhi island wetted, is given by 𝑊"𝐶𝑜ℎ = 2𝛾. Due to the large roughness factor the work 
required to overcome cohesion is notably less than that required to overcome adhesion 
(𝑊"𝐴𝑑ℎ =  𝛾𝑟(1 + cos 𝜃)), which would result in the complete de-wetting of the SHPhi 
island. As such, the work of cohesion is the lower energy barrier for ejection of the bulk 
droplet and is considered here. The work of cohesion for a group of N coalescing droplets 
is therefore: 
 
 𝑊𝐶𝑜ℎ = 2𝛾𝑁 (
𝜋𝑑2
4
) =
𝑁𝛾𝜋𝑑2
2
 (6.4) 
 
Dividing Equation 6.3 by Equation 6.4, and noting that the droplet diameter at 
coalescence for a MW surface is equal to the pitch, P, yields  
 
𝑊𝐶𝑜ℎ
∆𝐸
=
(𝑑/𝑃)2
2(1 − 𝑁−1/3)
 (6.5) 
Equation 6.5 is the percentage of the excess surface energy required to 
overcome the work of cohesion for N droplets coalescing on a MW surface. Figure 6.2d 
shows this required energy plotted against the pitch for the N = 2 and N = 5 cases, using 
the fixed island diameter of d = 3 μm. As can be seen, the ability for a MW surface to 
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produce coalescence-induced ejections is consistent with predictions of the critical energy 
for jumping based on the work of Enright et al. [75]. Briefly, Enright et al used numerical 
simulations of binary droplet coalescence events coupled with direct measurements to 
derive an expression for the percentage of excess surface energy converted to kinetic 
energy during droplet jumping. According to Enright’s analysis, the maximum energy 
available to overcome cohesive forces for the coalescing of two droplets can be expressed 
as the following: 
 (
𝑊𝐶𝑜ℎ
∆𝐸
)
𝑐𝑟𝑖𝑡
=
1
3(𝑁 − 𝑁2/3)
[(
16𝐶1
𝜌𝛾
)𝑃−1 + (
4𝐶2
√𝜌𝛾
)𝑃−1/2 + 𝐶3]
2
 (6.6) 
 
where C’s are constants explained in this work, P is the pitch and also the droplet 
diameter at the moment of merging, γ and 𝜌 are the surface tension and density of the 
liquid and 𝜇 is the droplet viscosity. This analysis was done for Cassie stable droplets 
with extremely low surface contact, where the effects of adhesion and cohesion were 
neglected. The critical energy plotted in Figure 6.2d is defined here as the maximum 
available energy, assuming all of the energy that could be converted to kinetic energy (as 
modeled by Enright et al.) is instead used to overcome the work of cohesion. The 
predictions and experimental observations show excellent agreement. Based on these 
results, the P = 25 μm MW surfaces were chosen as optimal for promoting spatial order 
and increasing nucleation site density, while also minimizing adhesive and cohesive 
forces to allow for condensate removal. 
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Figure 6.2: Optical microscopy of condensation at low supersaturations. Time lapse 
imaging of superhydrophobic condensation on (a) superhydrophobic nanostructured 
surfaces, as compared to (b) surfaces with mixed wettability. Scale bars are 100 μm. (c) 
Histogram of the number of droplets per ejection, as measured using image tracking 
algorithms, showing MW surfaces increase the average number of droplets involved in an 
ejection event. (d) The energy required for coalescence-induced ejections on a MW 
surface as a function of pitch, as compared to the critical energy (for N = 2). All 
measurements are taken in humid air with 100% relative humidity at a saturation-to-
surface temperature difference of ΔT = 5 °C.  
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6.3.2 Environmental Scanning Electron Microscopy 
The experimental apparatus used for optical microscopy cannot resolve the 
wetting dynamics of individual droplets, and is limited to small sub-cooling temperatures 
with large quantities of non-condensable gases (NCGs) present. This limits the range of 
supersaturations that can be studied, and as such, surface flooding at high thermal 
loadings could not be achieved for either the SHPho or the MW surfaces during optical 
microscopy. Accordingly, environmental scanning electron microscopy (ESEM) was 
used to characterize wetting dynamics and the effects of supersaturation and flooding 
during condensation. MW surfaces with P = 25 μm were imaged using a FEI XL-30 
ESEM coupled with a Peltier stage at varying supersaturations and compared to SHPho 
surfaces.  
The spatial ordering of microscale condensate on MW surfaces is shown in 
Figure 6.3 for both low supersaturations (S = 1.06) and high supersaturations (S = 1.54). 
Accurately quantifying supersaturation values is difficult in ESEM due to extremely low 
subcooling values and small amount of non-condensable gases that cannot be removed 
completely; hence, the two values used in this work were chosen to represent the low and 
high end of the spectrum. See experimental section for the calculation and error in 
determining supersaturations. At low S, nucleation onto the underlying SHPho portions 
of the surface is largely suppressed, while nucleation is promoted on the SHPhi islands. 
Figure 6.3a shows typical conditions for S = 1.06 prior to any lateral coalescing of 
droplets. It can be seen that more than 90% of the nucleating droplets are formed on the 
engineered sites. This shows the ability of MW surfaces to promote spatial order by 
preferential nucleation at low supersaturations, which has been studied and reported by 
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numerous researchers [3-6, 76, 77]. The effect of MW on nucleation at higher 
supersaturations, however, is shown in Figure 6.3b for S = 1.54, where the portion of the 
surface that is shown has been freshly exposed due to the removal of a large droplet. It is 
seen that new droplets nucleate in a random fashion with only ~56% of the droplets 
located on the engineered sites. As the droplets grow and coalesce they self-organize into 
the ordered array defined by the MW pattern, with ~94% of the droplets located on the 
engineered sites after a 20 second interval. This was observed for all droplets with D < P, 
and is attributed to the large difference in the wetted base areas. The off-site droplets are 
in a true Cassie state and only loosely adhered to the surface as compared to the on-site 
droplets. During coalescence the on-site droplets effectively absorb the off-site droplets. 
This shows the ability of MW surfaces to promote and sustain spatial order through not 
only preferential nucleation, but also self-organization during lateral coalescence.  
Figure 6.4 shows time-lapse images from ESEM of continuous condensation 
on SHPho and MW surfaces at both low and high supersaturations. At low 
supersaturations (Figure 6.4a), both surfaces promoted continuous coalescence-induced 
ejections and showed nearly identical droplet growth rates. The nucleation site density on 
the MW surfaces, however, was 250% larger than that seen during random nucleation on 
the SHPho surface. This increase in nucleation site density, combined with the identical 
droplet growth rates, corresponds directly to a 250% increase in heat transfer rate at the 
same supersaturation. This is qualitatively and quantitatively consistent with the findings 
of Hou et al. [4] At high supersaturations (Figure 6.4b) the small droplets on the SHPho 
surface initially begin in a Cassie state. However, as seen in later stages of Figure 6.4b, 
the droplets wetting the surface exhibit irregular shape and low apparent contact angles 
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which is possibly attributed to local flooding of the nano structure and pinning of contact 
lines. During their growth and successive lateral coalescences, the droplets merge but 
remain pinned to the surface, which results in the transition to a flooded state.  
 
Figure 6.3: Spatial ordering of microscale droplets on surfaces with mixed wettability. 
(a) ESEM image of preferential nucleation onto engineered nucleation sites, prior to 
coalescence, at the lower supersaturations tested (S = 1.06). (b) The coalescence and self-
organization of randomly nucleating droplets into ordered arrays at the higher 
supersaturations tested (S = 1.54), where the red dots indicate off-site droplet nucleation. 
Scale bars are (a) 50 μm and (b) 25 μm.  
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For the high supersaturation case shown here, all of the SHPho surfaces 
tested quickly fail within 1-2 minutes with no jumping observed. Figure 6.4b also shows 
the performance of the MW surfaces at the same supersaturation. While droplet jumping 
is only observed sporadically, the MW surfaces do not transition to a flooded state. The 
successive lateral coalescence of droplets produces larger and larger mobile droplets that 
are only loosely bound to the surface. When the droplets grow to diameters larger than 
~500 μm they are observed to move randomly and eventually leave the ESEM field of 
view, presumably rolling of off the surface. Figure 6.4b shows that the underlying MW 
pattern is intact and imparting spatial order to the small droplets adhered to the surface. 
This behavior continued indefinitely with no surface flooding or failure. The ability to 
globally delay flooding is attributed to the local self-organization and spatial order of the 
underlying microscale droplets. The random distribution of nucleation sites occurring on 
the SHPHo surfaces results in unwanted pinning of coalescing droplets, which eventually 
lead to flooding. On the MW surfaces, however, the self-organization of droplets with 
diameters D < P produces a uniform spatial arrangement (as shown in Figure 6.3b). This 
arrangement, with d = 3 μm and P = 25 μm, has been shown in this work (Figure 6.2) to 
successfully overcome the work of cohesion during lateral coalescing. This results in the 
continuous production of large mobile droplets free to move laterally.  
While droplet jumping has ceased at high supersaturations, the benefits of 
superhydrophobicity remain. The resulting condensate is highly mobile and free to shed 
easily from the substrate. This exposes the underlying surface and promotes the 
formation of new, smaller droplets with low thermal resistance. While this suggests 
enhanced heat transfer rates during shedding mode compared to flat hydrophobic 
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surfaces, quantifying this would require detailed thermal resistance analysis and 
investigation of shedding frequencies which are not conducted in this work. This 
demonstrates, for the first time, engineered surfaces capable of transitioning from 
jumping-mode condensation at low supersaturations, to shedding-mode condensation at 
high supersaturations, and has the potential to address the critical issue of surface 
flooding during superhydrophobic condensation. 
6.3.3 Delayed Flooding on Surfaces with Mixed Wettability 
To validate the ESEM results obtained here, a simple environmental chamber 
was constructed and used to characterize wetting dynamics during condensation across 
larger surfaces. Briefly, surfaces with a 15mm x 15mm footprint were mounted to a cold-
block and exposed to N2 with 100% relative humidity. Both the SHPho and MW surfaces 
were imaged using a high-speed camera at sequentially larger saturation temperature 
differences of up to ΔT = 25 °C, the testing limit for this apparatus. Figure 6.5 shows the 
representative wetting regimes observed during condensation for both samples. For ΔT < 
15 °C, all of the results were consistent with the optical microscopy results in Figure 6.2, 
as well as the results of prior publication [38]. Droplet jumping was observed to be the 
only removal mechanism for both the SHPho and MW surfaces. Interestingly, it can be 
seen that the MW surfaces had a smaller effective steady state droplet diameter. While 
these tests could not accurately or quantitatively resolve the average droplet sizes, this 
does suggest that the MW surfaces have a lower overall thermal resistance and therefore 
higher heat transfer rate. 
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Figure 6.4: Wetting dynamics on surfaces with mixed wettability. (a) Time-lapse ESEM 
images of condensation on superhydrophobic surfaces and surfaces with mixed 
wettability at low supersaturations (S = 1.06), showing consisted droplet growth rates but 
increased nucleation site densities. (b) Time-lapse ESEM images of condensation on 
superhydrophobic surfaces and surfaces with mixed wettability at high supersaturations 
(S = 1.54). The superhydrophobic surfaces fail, showing complete flooding of the 
nanostructures, while the surfaces with mixed wettability resist flooding and promote the 
formation of large mobile droplets. Scale bars are (a) 50 μm and (b) 100 μm. 
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For saturation temperature differences in the range of 15-20 °C, it was 
observed that the SHPho surfaces first transitioned to a droplet shedding mode, where no 
jumping was seen. Then the formation of a flooded liquid film was quickly observed at 
saturation temperature differences of less than 20 °C. Figure 6.5a shows this for ΔT > 20 
°C where the flooded film is seen at the bottom of the image and it slowly progresses 
upwards to cover the entire surface.  The flooded portion of the surfaces continues to 
grow until it covers the entire sample. Conversely, the MW surfaces were observed to 
transition for purely jumping-mode removal at ΔT < 15 °C, to a purely shedding-mode 
removal for ΔT > 20 °C. At saturation temperature differences in the range of 15-20 °C, a 
stable combination of both jumping and shedding was seen. The MW surfaces tested here 
continued to shed droplets up to the testing limit of ΔT = 25 °C, with no degradation in 
performance or flooding observed during any tests. Figure 6.5c shows a magnified 
portion of the surface after a droplet shedding event, where the underlying MW pattern is 
visible on the surface. This suggests, that the while not easily observable in these tests, 
the MW surfaces are maintaining spatial order via self-organization of the microscale 
condensate droplets. This spatial order is promoting the formation of large mobile 
droplets and has delayed surface flooding, similar to the results seen in ESEM. 
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Figure 6.5: Delayed flooding of surfaces with mixed wettability. Optical images of 
condensation at various saturation-to-surface temperature differences, ΔT, for (a) 
superhydrophobic nanostructured surfaces, and (b) surfaces with mixed wettability.  
Superhydrophobic surfaces transition from jumping mode, to shedding mode, to failure 
due to flooding prior to ΔT = 20 °C. Surfaces with mixed wettability show continuous 
operation, with no flooding or failure up to the testing limits of ΔT = 25 °C. (c) Close up 
image showing the engineered wettability pattern remains after a large-sale shedding 
event. All tests are conducted in humid N2 at 100% relative humidity. Scale bars are (a, 
b) 1 mm and (c) 150 μm.  
 
6.4 Conclusions 
 
Nanostructured surfaces with mixed wettability have been fabricated and 
shown here to effectively delay surface flooding during condensation at increased 
supersaturations. MW surfaces have been characterized and compared to SHPho surfaces 
at varying supersaturations using optical and electron microscopy. An optimal MW 
design was shown to impart spatial order while still being able to overcome the work of 
cohesion necessary to promote droplet removal. ESEM was used to characterize droplet 
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growth and wetting dynamics, where MW designs increased nucleation site densities and 
promoted spatial order via preferential nucleation, as well as the self-organization or 
microscale droplets. This microscale self-organization was shown to affect the global 
performance of the surfaces by effectively delaying the transition to a flooding state at 
high supersaturations. Experimental results, both inside the ESEM and in a custom built 
chamber at atmospheric pressure, have shown for the first time that mixed wettability can 
be used to create surfaces that transition from jumping-mode condensate removal at low 
supersaturations to shedding mode removal at high supersaturations with no observed 
flooding. These results address the critical limitation of superhydrophobic condensation 
and can act as the basis for developing robust engineered surfaces for real-world heat 
transfer applications. The specific contributions for this chapter are: 
1. Flooding on nanostructured superhydrophobic surfaces is demonstrated at high 
supersaturations which leads to film formation and failure. 
2. Mixed-wettability surfaces are demonstrated to delay flooding during 
superhydrophobic condensation. 
3. Transition from jumping to shedding mode of condensate removal is 
experimentally demonstrated on mixed wettability surfaces without any sign of 
failure.  
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CHAPTER 7: MODELING OF DROPLET GROWTH RATES ON HIERARCHICAL 
SUPERHYDROPHOBIC SURFACES 
7.1 Introduction and Overview  
During condensation on hierarchical structured superhydrophobic surfaces, 
significantly different droplet growth rates have been observed. Understanding these 
variations is essential because individual droplet growth rates are direct implications of 
heat transfer rates and the underlying mechanisms can lead to improvements in heat 
transfer. Growth rates on flat hydrophobic and nanostructured superhydrophobic surfaces 
are well characterized in the literature through the use of thermal resistance models and 
the accuracy of these models have been verified with comparisons against experimental 
data. However, when these models are extended to hierarchical surfaces, the results were 
far from accurate. In order to identify the mechanisms affecting the deviation of the 
model from experimental data, biotemplated hierarchical superhydrophobic surfaces are 
fabricated and individual droplet behaviors are observed using ESEM. It was noticed that 
there are “feeder” droplets inside the microstructure that nucleate and coalesce into a 
larger “receiver” droplet that is above the micro structure. Since the growth is extremely 
rapid for the feeder droplets due to their small size, this rate directly translated into the 
receiver droplet’s growth rate leading to deviations from the predictions. A new model is 
developed in this work to account for the feeder-receiver interactions and it is compared 
with experimental data. The model successfully captured the different growth rates for 
different numbers of feeder droplets. This work demonstrates an understanding of the 
mechanisms that lead to inconsistencies in droplet growth rates on hierarchical 
superhydrophobic condensation which can lead to designs that harness this mechanism to 
obtain increased heat transfer rates. 
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7.2 Surface Fabrication 
To investigate droplet behavior and growth rates during condensation, 
hierarchical surfaces are fabricated as described previously in Chapter 4 (Figure 7.1a). 
All surfaces were chemically functionalized via chemical vapor deposition (CVD) of 
trichlorosilane in a desiccator chamber at <20 kPa for 1 hour. After the deposition, 
surfaces are rinsed with ethanol and water and dried with nitrogen to obtain extreme 
superhydrophobicity with water contact angles approaching 𝜃 ≈ 170°.  
 
Figure 7.1: SEM imaging of the hierarchical structures (a) and surface with half 
nanostructured - half hierarchical structures (b). It is critical for the test samples to have 
both type of structures in order to make sure the test conditions are consistent throughout 
the experiments. Condensation on the superhydrophobic nanostructured (c) and 
hierarchical surfaces (e), both resulting in jumping-mode self-removal of spherical 
droplets. 
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7.3 Experimental Section 
Environmental scanning electron microscopy (ESEM) is used to observe 
droplet morphologies, growth rates and overall condensation behavior on nanostructured, 
microstructured and hierarchical surfaces. With the sample on the Peltier stage, ESEM 
chamber is pumped down and vapor pressure is set to be Pv = 6.1 Torr. Then the Peltier 
stage is slowly cooled down to Tsat = 4°C, which is the saturation temperature 
corresponding to the vapor pressure inside the chamber. After making sure the chamber 
and the test sample are in thermodynamic equilibrium, the surface is slowly sub-cooled 
below the saturation temperature by ΔT = 0.1±0.1 °C in order to avoid heavy thermal 
loading on the sample.  All testing in this work is done at low subcoolings corresponding 
to low supersaturations (S = Pv/Psat ≤ 1.06), since high supersaturations lead to flooding 
on superhydrophobic surfaces as shown previously [1, 40, 78]. 
7.3.1 Droplet Morphology and Nucleation Site Density 
First the nanostructured surface is tested and superhydrophobic dropwise 
condensation is observed agreeing with previous work [38]. Droplets observed were 
extremely spherical with suspended and partially wetted morphologies and their 
coalescence led to jumping-mode removal as shown in Figure 7.1c. The addition of the 
secondary length scale to microstructured surfaces promoted stable superhydrophobic 
dropwise condensation also agreeing with previous reports [29, 33]. In this work, we 
added TMV biotemplated nickel nanostructures to the silicon microstructures and 
observed robust jumping-mode condensation as shown in Figure 7.1d.  Droplets were 
completely suspended with contact angles approaching 180°. Also, because of the 
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increased surface area of the hierarchical surface, the nucleation site density was higher 
than that of the nanostructured surface. 
7.3.2 Droplet Growth Rates 
Hierarchical surfaces promoted jumping mode superhydrophobic 
condensation similar to nanostructured surfaces; however, unlike what is observed on the 
nanostructured surfaces where all droplets followed an identical growth rate, hierarchical 
surfaces exhibited a variety of growth rates. Therefore, the thermal resistance based 
models that accurately predict growth rates on nanostructured surfaces fail to demonstrate 
the same accuracy for the hierarchical surfaces as they can only represent a certain group 
of droplets’ growth. Since growth rate is a significant concept that is focused on by many 
researchers due to its direct implications about heat transfer, it is important to investigate 
the mechanisms behind these variations. 
Individual droplets on nanostructured and hierarchical surfaces have been 
observed in environmental scanning electron microscopy (ESEM) and growth rates 
during condensation have been measured by processing video frames with an image 
processing software (imageJ). All the samples being tested consisted of two distinct areas 
at each half of the chip such that one half is only nanostructured while the other half is 
hierarchical (Figure 7.1b). It was extremely crucial being able to test both structure types 
within the same test because even the slightest variation in vapor pressure or surface 
temperature among different tests in ESEM could have led to vastly inconsistent results 
in terms of growth rates, which would be against the core idea of this work.  
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More than 15 droplets from the nanostructured side and the hierarchical side 
are observed and growth rates of representative two droplets from the hierarchical side 
are presented in Figure 7.2. The variation in growth was extremely noticeable when the 
volume increase of the two droplets that are only a few microns apart is investigated. For 
the volume change observation experiment, the surface with the highest roughness is 
used which had 3μm diameter hierarchical pillars in a hexagonal array that are 6μm apart 
center-to-center and 8μm tall (Figure 7.2c).  In this demonstration, by t = 0s it can be seen 
that the suspended (S) droplet is already evolved into a large sized droplet and its growth 
at this point is minimal and cannot be resolved in imageJ. However, when the droplet in 
the front is examined, an extremely rapid growth is observed helping this droplet to 
quickly reach (at t = 50s) and out-grow the size of the S droplet, without any signs of 
slowing down within the recorded frames. This increase in volume growth directly 
translates to increased heat transfer through ?̇? = 𝜌ℎ𝑓𝑔(𝑑𝑉 𝑑𝑡⁄ ); hence, understanding the 
reason behind this increase is essential.  
To compare the radius growth rates on the nanostructured and hierarchical  
surfaces, thermal resistance models are built and compared to experimental data in Figure 
3. Droplets on the nanostructured side, had almost identical growth rate with very little 
variation and their diameters followed the D(t) ~ t
1/3
 growth rate behavior very closely, 
which is expected for spherical droplet growth [71]. The thermal resistance based growth 
model built previously [10] for droplets growing on nanostructured surfaces (Figure 7.3b) 
was in great agreement with the experimental observations. When the hierarchical side is 
examined, there were significant variations among droplets in terms of growth rates that 
it was not possible to classify these growth rates with a single curve. 
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Figure 7.2: Demonstration of extremely different volume increases over time for two 
droplets next to each other on a hierarchical surface. The inset shows that while the 
suspended droplet (S) has already peaked in terms of size and reached equilibrium with 
its surroundings, the droplet in the front appears, catches up with the “S” droplet behind 
(at t=50s) and surpasses its size-wise with no observable decrease in growth rate. The 
reason why the front droplet’s volume did not plateau like the S droplet is because of the 
“Feeder-Receiver” interaction occurring between the observable receiver droplet (R) and 
the hidden feeder droplets underneath it (F). 
 
Figure 7.3a shows two extreme cases for the hierarchical growth. The droplet 
represented with blue circles behaves similar to the droplet growing on the 
nanostructured surface and adheres to the thermal circuit model extended to hierarchical 
surfaces for suspended droplets (Figure 7.3c). However, the other droplet on the 
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hierarchical surface represented with black circles grows considerably faster and the 
thermal resistance model falls short in explaining this behavior. These tests are conducted 
using hierarchical surfaces with the geometry shown in Figure 7.3d and Thermal 
resistance models used in this work are explained in Section 7.4. 
 
Figure 7.3: Select growth rates on nanostructured and hierarchical surfaces, compared 
with the thermal circuit models (a). For the nanostructured surface, thermal circuit model 
and the experimental data agree well with each other. For the hierarchical surface, there is 
significant variation in experimental growth rates yielding the model inadequate for some 
cases. (b) and (c) illustrate the droplet morphologies on nanostructured and hierarchical 
surfaces. Surface geometry details are given in (d). 
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7.4 Thermal Resistance Model 
The thermal resistance based growth models are built for both nanostructured 
and hierarchically structured surfaces. Accounting for all the temperature drops, heat 
transfer through the droplets in Figure 7.4 becomes 
 ?̇? =
𝑇𝑠𝑎𝑡 − 𝑇𝑠
𝑅𝑡ℎ
 (7.1) 
where 𝑅𝑡ℎ is the total thermal resistance and described through the following equations: 
 𝑅𝑡ℎ = 𝑅𝑖 + 𝑅𝐷 + 𝑅𝐵 (7.2) 
𝑅𝑖 is the interfacial resistance between the droplet and the vapor and it is defined as:  
 𝑅𝑖 =
4
ℎ𝑖2𝜋𝐷2(1 − cos 𝜃)
 (7.3) 
 
ℎ𝑖 =
2𝛾
2 − 𝛾
1
√2𝜋𝑅𝑔𝑇𝑠𝑎𝑡
(
ℎ𝑓𝑔
2
𝑣𝑣𝑇𝑠𝑎𝑡
)(1 −
𝑝𝑔𝑣𝑔
2ℎ𝑓𝑔
) 
(7.4) 
𝛾 is the liquid-vapor surface tension, 𝑅𝑔is the universal gas constant, ℎ𝑓𝑔 is the latent heat 
of evaporation and 𝑣𝑔 is the specific volume of water vapor. 
𝑅𝑑  is the conduction resistance through the droplet with diameter 𝐷: 
 𝑅𝑑 =
𝜃
2𝜋𝐷𝑘𝑤 sin 𝜃
 (7.5) 
The resistance on the base depends on the structure on the surface. For nano and 
hierarchically structures surfaces base thermal resistance is defined as the following: 
 𝑅𝐵,𝑛𝑎𝑛𝑜
′′ = [
𝜑𝑛
𝑅𝑛𝑝
′′ +
1 − 𝜑𝑛
𝑅𝑛𝑔
′′ ]
−1
 (7.6) 
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 𝑅𝐵,ℎ𝑖𝑒𝑟′′ =
[
 
 
 
 
1
(
𝜑𝑛𝜑𝑚
𝑅𝑛𝑝′′
+
(1 − 𝜑𝑛)𝜑𝑚
𝑅𝑛𝑔′′
)
−1
+
𝑅𝑚𝑝′′
𝜑𝑚
+
1
(
𝜑𝑛(1 − 𝜑𝑚)
𝑅𝑛𝑝′′
+
(1 − 𝜑𝑛)(1 − 𝜑𝑚)
𝑅𝑛𝑔′′
)
−1
+
𝑅𝑚𝑔′′
(1 − 𝜑𝑚)]
 
 
 
 
−1
 (7.7) 
 
𝑅𝐵 =
𝑅𝐵
′′
𝐴𝑏
 
(7.8) 
And the base area is defined as: 
 𝐴𝑏 =
1
4
𝜋𝐷2𝑠𝑖𝑛2𝜃 (7.9) 
Resistance of the micro/nano structures and air gaps are defined as the following: 
𝑅𝑛𝑝
′′ =  ℎ𝑛𝑝 𝑘𝑛𝑖𝑐𝑘𝑒𝑙⁄ , 𝑅𝑚𝑝
′′ =  ℎ𝑚𝑝 𝑘𝑠𝑖𝑙𝑖𝑐𝑜𝑛⁄ , 𝑅𝑛𝑔
′′ = ℎ𝑛𝑝 𝑘𝑎𝑖𝑟⁄ , 𝑅𝑚𝑔
′′ = ℎ𝑚𝑝 𝑘𝑎𝑖𝑟⁄  where 𝑘 
denotes thermal conductivity and subscripts 𝑛𝑔 𝑎𝑛𝑑 𝑚𝑔 stand for nanogap and 
microgap. Solid fractions of structures are shown with 𝜑. 
In addition to Equation 7.1, the droplet heat transfer is also related to growth rate through 
 ?̇? = ?̇?ℎ𝑓𝑔 = 𝜌𝑤ℎ𝑓𝑔
𝑑𝑉
𝑑𝑡
 (7.10) 
When Equation 7.1 and 7.10 are combined, we obtain the following: 
 
𝑑𝑉
𝑑𝑡
=
∆𝑇
𝑅𝑡ℎ
(
1
𝜌𝑤ℎ𝑓𝑔
) (7.11) 
When these two equations are combined, growth of a droplet can be expressed as follows 
 𝑉𝑡+∆𝑡 = 𝑉𝑡 + ∆𝑡 [
∆𝑇
𝑅𝑡ℎ
(
1
𝜌𝑤ℎ𝑓𝑔
)] (7.12) 
For droplets with spherical shapes and contacts angles of 𝜃, the volume is represented 
with: 
 
𝑉 =
1
24
𝜋(1 − cos 𝜃)2(2 + cos 𝜃)𝐷3 
(7.13) 
So the diameter of the droplets can be found using the following expression: 
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 𝐷 = [𝑉 𝑓(𝜃)⁄ ]1/3 (7.14) 
The diameter of the feeder droplet on the nanostructure is evaluated with 7.13, where 
𝑅𝐵,𝑛𝑎𝑛𝑜
′′   from Equation 7.6 is used for the 𝑅𝐵  in Equation 7.2. Similarly, when the 
diameter of the hierarchical droplet is to be calculated, 𝑅𝐵,ℎ𝑖𝑒𝑟
′′ from Equation 7.7 is used 
in Equation 7.2. 
It should be noted that when the test sample is cooled down to a target 
saturation temperature is ESEM by using the Peltier stage, the sample surface 
temperature will inevitably be different than the set value. Therefore it becomes a 
challenging task to predict the surface temperature solely by looking at the stage 
temperature, without having any information on heat flux. In the literature this deviation 
has been reported to vary as little as 0.02K and as much as 0.65K. In order to determine 
the ∆𝑇 to be used, the thermal resistance growth model for the nano-wetted morphologies 
is utilized which was developed and validated in previous work [10]. Taking advantage 
of having both nanostructured and hierarchical areas on the test samples, first the droplet 
growth rates on the nanostructured half are experimentally measured. The the ∆𝑇 is 
adjusted until the well-established nano-growth model captures the growth on the 
nanostructured side and then assigned this ∆𝑇 as the global subcooling on the sample 
which can be used for the hierarchical growth model. For this work, the subcooling value 
used in the nano-growth model to match the experimental data for each test varied 
between 0.12K and 0.15K which are well within the previously reported ranges. 
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Figure 7.4: Thermal resistance circuits for the nanostructured (a) and hierarchically 
structured (b) surfaces. Heights of nanopillars and micropillars are shown with ℎ𝑛𝑝 and 
ℎ𝑚𝑝 respectively.  
7.5 Feeder-Receiver Mechanism 
To investigate the varying growth rates, square arrayed structures with the 
same diameter and height (D = 3 μm, p = 8 μm), but longer center to center distance (P = 
19 μm) are used to allow easier observation inside of the structure. When droplets 
nucleated within the unit cell, they quickly coalesced with each other and formed a large 
droplet which then grew further and transitioned to a suspended morphology on top of the 
microstructure (Figure 7.5a-c). It should be noted that this “bottom-up” transition did not 
need multiple droplets to nucleate in a single unit cell and same behavior was observed 
with a single droplet as well for low nucleation site density cases. When the suspended 
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droplet in Figure 7.5c is further investigated, it was immediately clear why a droplet of 
this size still has the rapid growth characteristics of small sized droplets. The original 
nucleation sites that resulted in this large droplet stayed active within the unit cell and 
these “feeder” droplets (F) kept coalescing into the “receiver” droplet (R) multiple times 
within seconds, resulting in a large droplet with the growth rate of small droplets. 
A schematic of how this mechanism works is shown in Figure 7.5d. This 
observation suggests that the variations in growth rates on hierarchical surfaces are 
caused by different number of feeder droplets under each receiver droplet. So, with 
intelligently engineered designs this mechanism can be harnessed properly to control the 
feeder-receiver interaction to significantly boost the heat transfer. 
 
Figure 7.5: Feeder-Receiver droplet interaction experimentally observed (a-c) and 
illustrated (d). When small sized droplets grow inside a unit cell on a hierarchical surface, 
as soon as they reach the cell size (C) they become micro-suspended. Nucleation sites 
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inside the unit cell can stay active and feed the suspended receiver (R) droplet to 
significantly enhance its growth rate. 
7.5.1 Feeder-Receiver Growth Model 
In order to find the varying growth rates, the identified feeder-receiver mechanism is 
incorporated into the previously demonstrated thermal resistance models through 
Equations 7.15 and 7.16: 
 [
𝑑𝑉
𝑑𝑡
]
ℎ𝑖𝑒𝑟
= 𝑁 [
𝑑𝑉
𝑑𝑡
]
𝑓𝑒𝑒𝑑𝑒𝑟
+ [
𝑑𝑉
𝑑𝑡
]
𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
 (7.15) 
 
[
𝑑𝑉
𝑑𝑡
]
ℎ𝑖𝑒𝑟
= [
∆𝑇
𝜌𝐿ℎ𝑙𝑣
] [
𝑁
𝑅𝑡ℎ,𝑓𝑒𝑒𝑑
+
1
𝑅𝑡ℎ,𝑟𝑒𝑐
] 
(7.16) 
 
From the above two equations, volume can be discretized in time making it possible to 
represent the overall, hierarchical volume that can be modified with the feeders under the 
receiver droplet: 
 𝑉𝑡+∆𝑡 = 𝑉𝑡 + ∆𝑡 [
∆𝑇
𝜌𝑤ℎ𝑓𝑔
(
𝑁
𝑅𝑡ℎ,𝑓𝑒𝑒𝑑
+
1
𝑅𝑡ℎ,𝑟𝑒𝑐
)] (7.17) 
From Equation 7.17, diameter of the droplet can be found using a similar relationship to 
Equation 7.14: 
 𝐷ℎ𝑖𝑒𝑟 = [𝑉 𝑓(𝜃)⁄ ]
1/3 (7.14) 
However, it should be noted that the volume expression is dependent on contact angles 
embedded in the thermal resistance terms. In this study, the contact angle of the receiver 
droplet is assumed to be constant at 170°, which is an accurate statement considering all 
the receiver droplets are suspended above the structure, exhibiting near-perfect spherical 
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morphologies. While for the feeder droplets that are inside the unit cell under a receiver 
droplet, a constant contact angle of 120° is assumed based on their small sizes and 
previous ESEM observations shown in Chapter 4 in Figure 4.6c. 
When the feeder-receiver model is plotted using N = 0, 1 and 2 feeder 
droplets in a unit cell, it was observed that the variation in experimental growth rate is 
accurately captured by the new feeder-receiver model as shown in Figure 7.6.  
 
Figure 7.6: The feeder-receiver mechanism driven growth model successfully captured 
the growth rate deviations observed in experiments. This demonstration is made with the 
model (dashed line) for N = 0, 1 and 2 feeder droplets 
Although the model captured distinct growth rates for different number of 
feeder droplets, in reality the coalescence of the feeder droplets into the receiver droplet 
can be quiet different than the discrete merging the model assumes. Each feeder might be 
at a different stage of growth or they might be coalescing with each other at small sizes 
which are some of the numerous possible scenarios that are omitted by the model. In 
order to see how these realistic situations are captured with the model, all the hierarchical 
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experimental data are plotted together with the feeder-receiver model. Figure 7.7 shows 
the volume growth over time for 10 distinct droplets and also the feeder-receiver model. 
The model is plotted with no feeders and also with as many as 4 feeder droplets. N = 0 
case successfully captured the plateauing nature of growth when there a no feeders to 
sustain it. The N = 1 case successfully covered the growth of a distinctive group of 
droplets; however, to say that these droplets are definitely being fed by 1 droplet would 
not an absolutely correct claim. Because of this uncertainty, the model is plotted for up to 
N = 4 case and experimental data is enveloped between model curves. Experimental data 
was observed to be lying within this envelope, even though there are droplets that 
followed different growth rates over time due to the complex mechanisms of growth and 
coalescence.  
 
Figure 7.7: Experimental volume growth over time for all droplets investigated on 
hierarchical surfaces plotted with feeder-receiver driven growth model.  Even though N = 
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0 and N = 1 cases seem to be covering a certain group of droplets, it is difficult to claim 
confidently that there are exactly 0 and 1 active feeders since the interactions between the 
feeders and receiver could be more complex than assumed in the model. Rather, 
enveloping the experimental data within a variety of cases is a more cautious deduction 
and should be preferred. 
In order to understand the relationship between the hierarchical structure unit 
cell size, receiver droplet diameter and number of feeder droplets, an analytical analysis 
is conducted using Equations 7.16 and 7.17. Feeder contribution to the receiver droplet 
(𝛼) is calculated through the ratio of the growth rate that is solely due to the feeder over 
the full growth rate of the hierarchical droplet (Equation 7.18).  
 𝛼 =
(
𝑑𝑉
𝑑𝑡 )ℎ𝑖𝑒𝑟
− (
𝑑𝑉
𝑑𝑡 )𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
(
𝑑𝑉
𝑑𝑡 )ℎ𝑖𝑒𝑟
=
𝑁 (
𝑑𝑉
𝑑𝑡 )𝑓𝑒𝑒𝑑𝑒𝑟
𝑁 (
𝑑𝑉
𝑑𝑡 )𝑓𝑒𝑒𝑑𝑒𝑟
+ (
𝑑𝑉
𝑑𝑡 )𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
 (7.18) 
Also, the growth enhancement of a hierarchical droplet (β) is defined by comparing the 
growth rate of a droplet that benefits from both the receiver droplet’s own growth rate 
and the feeder contribution against a droplet that does not receive any assistance from the 
feeders: 
 𝛽 =
(
𝑑𝑉
𝑑𝑡 )ℎ𝑖𝑒𝑟
(
𝑑𝑉
𝑑𝑡 )𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
=
𝑁 (
𝑑𝑉
𝑑𝑡 )𝑓𝑒𝑒𝑑𝑒𝑟
+ (
𝑑𝑉
𝑑𝑡 )𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
(
𝑑𝑉
𝑑𝑡 )𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟
 (7.19) 
In equations 7.18 and 7.19, N is defined as the number of feeder droplets per unit cell. 
The definition of N is made in this way because the number of feeders under a receiver 
droplet changes according to the receiver droplet’s base area. When plotting Figure 8a-d, 
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𝑁 is defined as the number of droplets under the entire droplet, considering all the area 
underneath it. In order to find 𝑁, number of droplets in a single unit cell is defined as 𝑁′, 
and the relationship between the two was defined as the following to account for this 
variation in base area: 
 
𝑁′ =
𝑁𝑃2
𝐴𝑏
 (7.20) 
where P is the pitch and 𝐴𝑏is the base area as defined in Equation 7.9. 
To normalize the effect of unit cell size (C), both 𝛼 and 𝛽 are plotted against 
a non-dimensional parameter that is the ratio between the receiver droplet’s diameter and 
cell size (D/C). When Figure 7.8a is investigated where the pitch is fixed and number of 
feeders per unit cell is changing, it is clear that when there are more feeders in a unit cell 
they increasingly contribute to the growth rate of a receiver droplet as its size increases. 
Because the growth rates of droplets decrease as their size gets larger, having more 
contribution at larger sizes is an expected result. When the number of feeders per unit cell 
(𝑁′) is fixed at 1 and while the pitch varies (Figure 7.8b), receivers on larger pitched 
structures benefit more from the same number of feeders per unit area. This mainly 
because at the same D/C, large receivers have little growth all by their own so they rely 
on feeders to grow effectively. This is made more clear when the cell size is also fixed, 
such as at 6μm as in the inset of Figure 7.8b. As the radius of the receivers increase, they 
all become more reliant on feeders to grown however at smaller sizes, it is clear that the 
large sized receiver benefits more from the feeders. Both Figure7.8a and b, show that the 
feeder contribution approaches 100% as the receiver size gets larger.  
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Figure 7.8: Feeder contribution to Receiver droplet growth (𝛼) and Receiver growth 
enhancement due to feeders (𝛽) are plotted. By fixing either the unit cell size, or the 
number of feeder per unit cell, it was possible to identify the effects of each. As receivers 
get larger, the feeder contribution for growth rate increases because droplets have 
increasingly decreased growth rates as their sizes get larger (a-b). Similarly, large 
droplets’ growth is enhanced more compared to smaller droplets with the same number of 
feeders per unit area underneath them (c-d). 
Contribution of feeders are also directly related to the growth enhancement 
of receivers (𝛽). When Figure 7.8c is investigated, it is seen that as there are more 
number of feeders in a fixed sized unit cell, the more the enhancement of the growth of a 
receiver droplet. Figure 7.8d suggests that when the number of feeder droplets is fixed in 
a unit cell, for a given D/C, receiver droplets on larger pitched hierarchical structures 
have their growth rates enhanced more than the ones that are on smaller pitched 
structures. The relationships between 𝛼 and 𝛽 and cell sizes and feeders can be utilized to 
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boost growth rates and hence heat transfer rates on hierarchically structured 
superhydrophobic condensation surfaces. 
7.6 Conclusions  
 
Growth rates of droplets on condensation surfaces give direct heat transfer 
implications, therefore it is important to understand the mechanisms behind growth rates 
to study and enhance heat transfer. In this chapter, the growth rate inconsistencies of 
droplets on hierarchical structured condensation surfaces is investigated and based on 
experimental observation, the feeder-receiver interactions is suggested as the cause of 
this. Using the previously existing thermal circuit models, a mechanistic model is built 
based on these interactions and the model successfully captured the experimental data 
that included the variations in droplet growth rates. This study suggests that if harnessed 
properly, hierarchical surfaces can be engineered to alter growth rates of droplets and 
therefore potentially provide improved heat transfer rates.   
1. Identified the role of feeder droplets on the growth of droplets on hierarchical 
surfaces, explaining the observed discrepancies.  
2. Developed a mechanistic model to predict droplet growth rates based on feeder-
receiver interactions.   
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CHAPTER 8: THIN-FILM CONDENSATION ON AMBIPHILIC SURFACES 
8.1 Introduction and Overview 
Filmwise, dropwise and superhydrophobic dropwise condensation all provide 
different heat transfer coefficients because of the differences in the way liquid 
accumulates on the corresponding surfaces. Liquid accumulation creates thermal 
resistance which makes heat transfer more difficult; therefore, to achieve higher heat 
transfer coefficients liquid management subject during condensation should be of high 
priority.  
Dropwise condensation and superhydrophobic dropwise condensation both 
significantly lowered the thermal resistance the condensate causes when compared to 
filmwise condensation. However both of these modes face fundamental problems when 
exposed to prolonged operation or high heat-fluxes. Degradation of the hydrophobic 
coating, mechanical instability of the nanostructured coatings, requirement of frequent 
maintenance are some of the issues that need to be overcome to make translation into 
real-world applications possible. Also, at high heat fluxes it is shown that the 
superhydrophobic surfaces tend to fail in maintaining the self-propelled droplet removal 
mechanism, limiting its functionality to low supersaturation environments. Overall, even 
though the understanding of underlying mechanisms behind superhydrophobic 
condensation is constantly improving, a reliable surface that can satisfy the needs of real-
world applications is yet to be introduced. 
When dropwise condensation and superhydrophobic condensation surfaces 
degrade, they tend to transition towards filmwise condensation which is the most stable 
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mode due to its low requirements in terms of wettability and energy barriers. In this 
chapter, in order to take advantage of the sustainability of the filmwise condensation 
mode, ambiphilic structured condensation surfaces are introduced to utilize the stable 
filmwise condensation while keeping the film thickness within several microns to avoid 
increased thermal resistance on the surface.  
Thin-film condensation surfaces are tested in ESEM to observe condensation 
on the micro-structured ambiphilic structures and concept is proven successfully.  A 
variety of geometries are testes and condensate behavior is explained with mathematical 
models. Samples are then tested in a custom built environmental chamber to observe the 
behavior of liquid during thin-film condensation from a larger viewing window. Even 
though preliminary, tests have been repeated with hierarchical ambiphilic structures to 
achieve significantly different results, showing the potentially different paths this 
research can lead to. 
8.2 Thin-Film Condensation 
In this work we propose surfaces that promote thin-film condensation 
through the use of ambiphilic structured surfaces. In this mode of condensation, water 
layer is confined within the structure at low thickness, avoiding the most major drawback 
of classical filmwise condensation. Ambiphilic surfaces consist of micropillars which 
have hydrophobic coatings only at the upper portion while rest of the structure and 
substrate base receives no treatment to stay hydrophilic. As a result, vapor condenses at 
the substrate base; however, it does not grow beyond the hydrophilic portion because of 
the hydrophobic post-tips that restrain the water from growing further, which leads to 
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pressure build up inside the microstructure. Liquid transport is driven by Laplace 
pressure as first mentioned by Anderson et al. on similar structures [79]. The 
accumulating liquid at the bottom of the surface acts as a low-pressure reservoir that 
collects liquid from the high pressure zones. The mechanism of thin-film condensation 
surfaces on ambiphilic structured surfaces is demonstrated in Figure 8.1. 
 
Figure 8.1: Mechanism of thin-film condensation explained. Vapor condenses on the 
hydrophilic substrate base and rises along the hydrophilic micropillar sidewalls. When 
the liquid meets the hydrophobic coating on the pillar tops, the film layer gets confined 
and cannot grow any further in the outward direction. At this point the growth is only in 
the lateral direction and the entire surface gets covered with the thin-film layer (a). (b) 
and (c) shows the surface before and after condensation. False coloring is used to 
highlight the PTFE coating at the top. 
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8.3 Fabrication of Ambiphilic Structured Surfaces 
To fabricate the ambiphilic surfaces, first, silicon wafers are patterned with 
photolithography to create 5μm dots that are oriented in square arrays of varying pitch 
from 7μm to 70μm. These surfaces are then etched 8-10μm deep with a Deep Reactive 
Ion Etching (DRIE) system to create micropillars. Because the base layer’s wetting 
characteristics have a direct effect on thin-film condensation, three different materials are 
used as the base material. One of the materials used as base material was evaporated gold 
which has a water contact of ~65° on flat surfaces. For a second test case, oxide is grown 
directly on the silicon surface with micropillars. SiO2 is hydrophilic as water contact 
angle is only around 20° on flat surfaces. As the last test case, C4F8 is used, which is 
actually the hydrophobic passivation layer that the DRIE technique uses for protecting 
silicon from etching during the process. DRIE process is intentionally terminated with the 
passivation step to achieve a surface with the C4F8 on, which provides water contact angle 
of around 100°. After the surfaces of three different kinds of bases are fabricated, the 
microstructured surfaces are filled with a matrix material to leave only the post-tips 
exposed (Figure 8.2a). In this work a positive photoresist (SC1827) is used as the matrix 
material for the sake of easy removability afterwards. The photoresist is diluted with 
acetone 2-to-1 to make infiltration into the structure easier, especially for closely packed 
micropillars. To make sure there is absolutely no photoresist left on the upper portions of 
the pillars, surfaces are shortly treated with oxygen plasma for 20 seconds at 200W and 
350mTorr. This method left 1-3μm exposed area from the top portions of the pillars that 
are to be coated with hydrophobic material. Surfaces are then coated with PTFE using 
iCVD technique as described in previous work [38]. Then the matrix material is lifted-off 
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using acetone, and surfaces are rinsed with isopropyl alcohol and DI water and dried with 
Nitrogen. To achieve better wettability contrast between the hydrophobic and hydrophilic 
portions of surfaces, nanostructure is added to the micropillars before the matrix filling 
step. To achieve the hierarchical ambiphilic surfaces, Tobacco mosaic virus biotemplated 
nanostructuring technique is utilized as described in previous work [38, 53]. Fabrication 
steps and the final microstructured and hierarchical ambiphilic surfaces are shown in 
Figure 8.2. 
 
Figure 8.2: Fabrication of ambiphilic structures on (a) micropillars and (b) hierarchical 
pillars. The surfaces are first filled with photoresists only to expose the top portions. Then 
hydrophobic polymer is deposited and the photoresist if lifted of to leave only the tops of 
the pillars coated with the polymer. 
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8.4 ESEM Tests 
The ambiphilic surfaces are tested in Environmental Scanning Electron 
Microscopy (ESEM) environment. Vapor pressure inside the ESEM chamber is kept at Pv 
= 4.4 Torr, while the surface temperature is dialed down to the saturation condition using 
a Peltier stage. Surface geometries ranging from d = 5 to 10μm diameter, h = 8μm height 
and p = 7μm to 70μm center-to-center pitch were tested to see the effect of energy 
barriers that will lead to spreading across the entire surface to form a thin-film or bursting 
out of the ambiphilic unit cells to fail and transition into traditional filmwise 
condensation. First, the larger pitch surfaces are tested (p = 35, 50, 70μm). When 
condensation started the hydrophilic bottom nucleated first and the liquid started to grow 
upward, however when the liquid came across the hydrophobic-hydrophilic interface on 
the pillar walls it preferred to keep growing up instead of being forced to spread. This 
resulted in bursting on the entire surface, which then led to failure and thick film 
formation (Figure 8.3a). Then the mid-sized pitches (p = 15, 19, 25μm) are tested to see 
whether they will burst or spread. The nucleation occurred at the substrate base and the 
pillar side-walls and the condensate was restrained by the Teflon coating on the pillar top, 
which initially led to spreading of the liquid instead of bursting. However, it was 
observed that in some areas the condensate started bursting outward while in other areas 
it was still spreading laterally (Figure 8.3b). This semi-bursting, semi-spreading behavior 
was consistent for all mid-sized pitches however, the burst areas were observed more 
sporadically for the smaller pitched designs which suggests a transition to more stable 
spreading for closely packed structures. Finally, surfaces with smallest pitched ambiphilic 
structures were tested (p = 7, 9, 11μm) to see if the trend toward a more stable thin-film is 
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valid. Condensation started at the non-hydrophobic areas of the surface and as a result of 
the high density of the pillars on these surfaces, the liquid quickly reached the Teflon 
coating. At this point, upward growth stopped and spreading was observed on the entire 
surface leading to successful thin-film formation (Figure 8.3c). However, when these 
surfaces that get filled with water on their entire area, water inevitably bursts out from 
weak points, such as areas with poor hydrophobic coating or broken pillars (Figure 8.3d). 
From this moment forward, the droplet that just burst out rapidly gets larger due to all 
condensation around it being transferred into the burst droplet. This is because the large 
sized burst droplet provides low pressure zone due to Laplace pressure (𝑃𝑙𝑖𝑞 ∝ 1 𝑅𝑑𝑟𝑜𝑝⁄ ) 
and therefore the high pressured liquid inside the ambiphilic structures gets discharged 
from the low pressure zone. It is observed in ESEM tests that, this bursting eventually 
leads to failure and the entire field of view gets covered with water.  
8.5. Energy Analysis 
The energy barriers that lead to spreading or bursting of the ambiphilic 
surfaces during condensation can be explained via the relationships between the surface 
energies of the hydrophilic bottom layer (A) and the hydrophobic upper layer (B). There 
are two main behaviors observed as observed in the ESEM experiments as illustrated in 
Figure 8.4: (a) The structure that has a stable A-B interface so that the liquid is restrained 
under the hydrophobic layer and (b) the liquid spreads in A layer first however it can 
grow past the A-B interface and bursting occurs. 
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Figure 8.3: ESEM tests on microstructured ambiphilic surfaces with Au bases. The 
5x35μm (dxP) surface (a) cannot promote thin-film condensation because the condensate 
prefers bursting out instead of spreading laterally. As the pitch decreases, bursting starts 
to disappear and lateral spreading starts to be the dominant mode. This is the main criteria 
for thin-film condensation to occur, but on the 5x19μm surface, the bursting is still 
observable mixed with lateral spreading (b). When the pitch is lowered even further to 
7μm, pure thin-film condensation is observed (c). The liquid starts filling in the struture 
and when it gets restrained with the hydophobic tops, there is no bursting until the entire 
structure is filled. However, as condensation continues, the liquid eventually burst out 
and the surface is covered with liquid. 
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Figure 8.4: Two possible scenarios that the ambiphilic structures of different geometries 
can demonstrate thin-film formation during condensation. In the first case (a), the liquid 
is restrained at the A-B interface because of the differences in wettability characteristics 
and therefore a thin-film is formed. In the second case (b), the A-B interface cannot hold 
the liquid layer so the liquid grows in the upward direction. However, due to the energy 
barrier associated with surface tension and geometries, water cannot grow above the 
pillar tips and still remains as a thin film. The energy barrier relationships are explained 
in the equations below. 
To explain the two cases in Figure 8.4, first the volume of the water column is defined as 
if it is at the A-B interface and trying to grow past it: 
 𝑉 = 𝜋𝑅2(ℎ𝐴 + 𝑦)(1 − 𝜑) (8.1) 
Where 𝜑 is the solid fraction and defined as: 
 𝜑 =
𝜋𝐷2
4𝑃2
 (8.2) 
If gravity is ignored, total surface energy associated with the liquid-vapor-solid interface 
becomes: 
 𝐸 = 𝜎𝑠𝑙,𝐴𝐴𝑠𝑙,𝐴 + 𝜎𝑠𝑣,𝐴𝐴𝑠𝑣,𝐴 + 𝜎𝑠𝑙,𝐵𝐴𝑠𝑙,𝐵 + 𝜎𝑠𝑙,𝐵𝐴𝑠𝑙,𝐵 + 𝜎𝑙𝑣𝐴𝑙𝑣 (8.3) 
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Terms in this energy equation are defined as follows: 
 𝐴𝑠𝑙,𝐴 = 𝑟𝐴𝜋𝑅
2 (8.4) 
 𝐴𝑠𝑣,𝐴 = −𝑟𝐴𝜋𝑅
2 (8.5) 
 𝐴𝑠𝑙,𝐵 = (𝑟𝐵 − 𝜑)
𝑦
ℎ𝐵
𝜋𝑅2 
(8.6) 
 𝐴𝑠𝑣,𝐵 = −(𝑟𝐵 − 𝜑)
𝑦
ℎ𝐵
𝜋𝑅2 
(8.7) 
 𝐴𝑙𝑣 = (1 − 𝜑)𝜋𝑅
2 + 2𝜋𝑅(ℎ𝐴 + 𝑦)(1 − 𝜑) (8.8) 
 
𝑟𝑓 = 1 +
𝜋𝐷ℎ
𝑃2
𝜋
2
,𝑤𝑖𝑡ℎ 𝑠𝑐𝑎𝑙𝑙𝑜𝑝 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑜𝑛 𝑡ℎ𝑒 𝑝𝑖𝑙𝑙𝑎𝑟 𝑠𝑖𝑑𝑒𝑤𝑎𝑙𝑙𝑠 
(8.9) 
 
𝑟𝐴 =
𝑇𝑟𝑢𝑒 𝑎𝑟𝑒𝑎, 𝐴
𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 𝑎𝑟𝑒𝑎, 𝐴
= 𝑟𝑓,𝐴 − 𝜑 
(8.10) 
 
𝑟𝐵 =
𝑇𝑟𝑢𝑒 𝑎𝑟𝑒𝑎, 𝐵
𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 𝑎𝑟𝑒𝑎, 𝐵
= 𝑟𝑓,𝐵 + 𝜑 − 1 
(8.11) 
Using cos 𝜃 = (𝜎𝑠𝑣 − 𝜎𝑠𝑙)/𝜎𝑙𝑣 expression, Equation 8.3 can be re-written as follows: 
 𝐸 = 𝜎𝑙𝑣𝜋𝑅2 (−𝑟𝐴 cos 𝜃𝐴 − (𝑟𝐵 − 𝜑)
𝑦
ℎ𝐵
cos 𝜃𝐵) + 𝜎𝑙𝑣((1 − 𝜑)𝜋𝑅
2 + (ℎ𝐴 + 𝑦)(1 − 𝜑)2𝜋𝑅) (8.12) 
For a spreading case, there will be no growth in the y direction, so 𝑦 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. When 
the derivative of the above surface energy equation is taken with respect to volume, the 
surface energy change per volume change is found: 
 
𝜕𝐸
𝜕𝑉𝑠𝑝𝑟𝑒𝑎𝑑
= 𝜎𝑙𝑣 (
−𝑟𝐴 cos 𝜃𝐴 − (𝑟𝐵 − 𝜑)
𝑦
ℎ𝐵
cos 𝜃𝐵
(ℎ𝐴 + 𝑦)(1 − 𝜑)
+
1
ℎ𝐴 + 𝑦
+
2
𝑅
) (8.13) 
When this equation is evaluated at the A-B interface, i.e 𝑦 = 0, the moment liquid starts 
to get restrained by the hydrophobic layer is reached: 
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𝜕𝐸
𝜕𝑉𝑠𝑝𝑟𝑒𝑎𝑑
= 𝜎𝑙𝑣 (
−𝑟𝐴 cos 𝜃𝐴 + 1 − 𝜑
ℎ𝐴(1 − 𝜑)
+
2
𝑅
) (8.14) 
After this, the surface energy equation is differentiated for 𝑅 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 to model the 
case where there is no spreading, but rather there is filling in both A and B layers. 
 
𝜕𝐸
𝜕𝑉𝑓𝑖𝑙𝑙
= 𝜎𝑙𝑣 (
−(𝑟𝐵 − 𝜑) cos 𝜃𝐵
ℎ𝐵(1 − 𝜑)
+
2
𝑅
) (8.15) 
 If the ratio of the two different cases is taken, an energy criterion can be defined as 
follows: 
 𝐸𝑓𝑖𝑙𝑙
∗ =
[
𝜕𝐸
𝜕𝑉𝑠𝑝𝑟𝑒𝑎𝑑
]
𝑅→∞
[
𝜕𝐸
𝜕𝑉𝑓𝑖𝑙𝑙
]
𝑅→∞
=
1 − 𝜑 − 𝑟𝐴 cos 𝜃𝐴
(𝜑 − 𝑟𝐵) cos 𝜃𝐵
ℎ𝐵
ℎ𝐴
 (8.16) 
According to the above equation, if 𝐸𝑓𝑖𝑙𝑙
∗ > 1, then it means that the energy barrier for 
filling is easier to overcome than the barrier for spreading laterally, which means that the 
A-B interface will be grown past by the liquid leading to bursting. If 0 < 𝐸𝑓𝑖𝑙𝑙
∗ < 1 then 
the condensate prefers spreading laterally when it comes in contact with the A-B 
interface (Figure 8.4a, Figure 8.5a) because spreading is energetically more favorable 
than going beyond the hydrophobic-hydrophilic interface. Maintaining this criterion is 
important for designing A-B interface stable surfaces. Also, if 𝐸𝑓𝑖𝑙𝑙
∗ < 0 then it means the 
liquid wicks the base layer A, before it even comes in contact with the hydrophobic tips. 
This can be explained solely by looking at the numerator of Equation 8.16, as that being 
negative means a wicking surface according to Young’s wicking criterion for porous 
surfaces [80]. The latter two cases (i.e 𝐸𝑓𝑖𝑙𝑙
∗ < 1) both lead to lateral spreading and thin-
film formation, however there are two different paths they follow until the film is formed.  
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Figure 8.5: Experimental demonstration of thin film formation with both 𝟎 < 𝑬𝒇𝒊𝒍𝒍
∗ < 𝟏 
and 𝑬𝒇𝒊𝒍𝒍
∗ < 𝟎 criteria (a-b). Bursting was demonstrated previously in Figure 8.3a. In (c) 
Equation 8.16 is visualized for different structures and base layer materials to show the 
energy barriers that determine bursting and stable thin-film formation at the hydrophobic-
hydrophilic interface. The inset focuses on the sub 20μm case and expands the three 
different zones. All dimensions in the legend are microns. 
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Experimental representations of these two cases can be found in Figure 8.5a-b. All three 
possible outcomes of 𝐸𝑓𝑖𝑙𝑙
∗  are plotted in Figure 8.5c. The behavior of the surface shown 
in Figure 8.3b -5x19x8μm (dxPxh)- where both bursting and spreading is observed 
simultaneously, can be explained after investigating this plot. Because E* associated with 
this surface is above 1, however extremely close to it, it is understandable that in real-life 
the surface behaves as it is on both sides of the limiting criterion  
8.6 Macro Experiments 
To further investigate the bursting behavior, an experimental set-up is built 
that can accommodate the samples at a vertical orientation. The sample is attached to an 
aluminum block that has equidistant thermocouples embedded along its length. This 
aluminum block serves as a heat flux sensor and it is insulated by a plastic casing around 
it. Under the heat flux sensor there is a cold block that acts as a heat sink and this block is 
cooled with circulating chilled water. Thermal grease is used to attach the sample to the 
front end of the heat flux sensor and also to maintain contact between the sensor and the 
heat sink. Temperature measurements of the embedded thermocouples are monitored 
using LabVIEW to reach heat flux data. Once the surface is cooled down to desired 
saturation temperature, steam valve into the chamber are opened to initiate condensation. 
Pure steam is prepared in an external boiler setup next to the condensation 
chamber that is connected to the boiler. A T-Type thermocouple is positioned close to the 
surface of the sample to measure the steam temperature and verify saturation conditions. 
The sample with the surface design that performed thin-film condensation in ESEM is 
attached to the setup and cooled. Before the steam introduction the sample was dry with 
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no condensation (Figure 8.6a). As soon as the steam valve was opened, condensation 
started and spread across the entire surface (Figure 8.6b-c) and the liquid filled the 
ambiphilic structures up to the Teflon – silicon interface (Figure 8.6d), consistent with 
ESEM observations. As the liquid reached the height of the hydrophilic height of the 
pillars on the majority of the surface, the condensate started bursting out of the 
ambiphilic structures, overcoming the energy barrier caused the Teflon tips (Figure 8.6e), 
which is also consistent with ESEM results. With the full development of the thin-film 
across the entire surface, several other burst sites appeared which resulted in rapidly 
growing hemi-spherical droplets (Figure 8.6f). From this point on, there occurred no 
other burst sites because the currently existing ones were adequate enough to function as 
low-pressure zones to receive all condensation around them. This resulted in maintained 
thin-film condensation on the entire surface, except for the burst sites. As the droplets on 
the burst sites reached larger sizes, they slide down in the direction of gravity to form a 
puddle on the lower edge of the sample, just like in the case of traditional filmwise 
condensation (Figure 8.6g). After all droplets on the burst sites shed down and merged 
with the puddle on the lower edge, no burst sites occurred and no more shedding was 
observed because the puddle acted as a global low pressure zone for the entire surface 
which received all the condensation forming on the other areas of the sample, resulting in 
maintained thin-film condensation on the entire surface (Figure 8.6h) and this scenario is 
illustrated in Figure 8.7a.  
107 
 
 
 
Figure 8.6: Time-lapse imaging of condensation on an ambiphilic structured surface in 
the environmentally controlled test set-up. As condensation starts, liquid fills in the 
structure (a-c) and becomes restrained to form a thin-film which covers the entire surface 
gradually (d). As more condensation occurs, the ambiphilic structures cannot support the 
liquid and bursting occurs as consistent with the ESEM tests (e). Once burst sites result in 
growing hemispherical droplets that eventually shed down the surface, no other bursting 
is observed (f-g). Shedding liquid eventually results in a thick liquid layer at the bottom 
of the sample that prevented further bursting on the surface because it acts as a constant 
low pressure zone that collects liquid from all over the surface. 
After observing the puddle formation on the lower edge of the sample and 
how it helped maintaining the thin-film condensation because of the low liquid pressure 
zone it creates, a liquid pool was built and the ambiphilic sample was dipped in it before 
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operation. Because thin film-condensation does not have any visual indicators showing 
that it is occurring at the steady-state, a hydrophobic sample was attached next to the 
ambiphilic sample as a comparison case that is exposed to the same heat flux. After 
dipping in the pool, water quickly started wetting the lower portion of the ambiphilic 
structures. Then the water bath is started to circulate chilled water (Tw = 5 °C) through the 
aluminum block that the samples are attached to. Once both surfaces reached the 
equilibrium temperature, steam is introduced over the samples to initiate condensation. 
With condensation on the surfaces, the underlying layer of the ambiphilic structures 
became entirely wet. However, unlike the tests that were run without the pool underneath, 
no burst sites were observed on this sample because of the pool under that already 
provides low pressure zone for the condensate to get transferred. With the elimination of 
bursting, the ambiphilic surface continuously operated in thin-film mode where the film 
thickness is tailored during fabrication, which was 6 μm in this case. Because the 
ambiphilic sample was operating in thin-film mode, it was not visually clear as to how 
much condensation is happening on the surface. The hydrophobic surface attached right 
next to the ambiphilic sample was fully operating in dropwise condensation mode where 
droplets nucleated and formed hemispherical droplets after coalescence which then shed 
off the surface. After shedding occurred, droplets re-nucleated in the recently cleaned 
path and they formed millimeter scale droplets again. This cycle repeated itself extremely 
rapidly, and it was helpful to visually understand how much condensation happened on 
the ambiphilic surface.  
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Figure 8.7: Bursting eventually happens on ambiphilic surfaces when the liquid covers 
the entire base layer. Droplets forming through these burst sites shed down and 
eventually form a puddle that prevents further bursting due to its constant low liquid 
pressure characteristics (a). When a puddle is designed under the samples, no bursting is 
observed because there is always a relief zone available for liquid that gets restrained 
within the ambiphilic structures (b). A hydrophobic surface is attached next to the 
ambiphilic surface to give an idea about how dropwise condensation looks like under the 
same heat flux the ambiphilic surface is exposed to.   
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8.7 Hierarchical Ambiphilic Structures 
In addition to micropillar based ambiphilic structures, hiearchical pillar based 
ambiphilic structures are also fabricated to increase the wettability contrast between the 
bottom layer and the hydrophobic tips (Figure 8.2b). As it was demonstrated before in 
Figure 8.3b The surface with micropillar diameter of d = 5 μm and pitch p = 19 μm both 
spread and burst in ESEM experiments, proving not suitable for thin-film condensation. 
By adding the nanostructures to the 5x19x8 μm surface, we obtained a hierarchical 
ambiphilic surface that is superhydrophobic on top and superhydrophilic on the bottom 
portions of the pillars and the substrate base layer. If the plot in Figure 5 is investigated, it 
can be seen that with the addition nanostructures to this surface, the energy barriers for 
spreading is decreased below zero, which means that the surface now provides thin-film 
condensation via wicking. When tested in ESEM, it was observed that the increased 
wettability contrast made this surface reliably functional for thin-film condensation 
(Figure 8.8). 
 
Figure 8.8: The ambiphilic surface that failed previously in ESEM due to bursting 
(Figure 8.3b) demonstrates thin-film condensation with the addition of nano length scale. 
This is attributed to increased wettability contrast between the hydrophobic-hydrophilic 
interface which now became a superhydrophobic-superhydrophilic interface. 
When operated long enough under ESEM, even the hierarchical ambiphilic 
structures got completely filled with water, so random bursting occurred. However, 
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because the upper portion of the hierarchical ambiphilic pillars is superhydrophobic, the 
burst condensate formed spherical droplets (Figure 8.9a) instead of bursting and 
spreading condensate that eventually covered the entire surface on microambiphilic 
structures (Figure 8.3d). Based on this observation, surfaces with engineered burst sites 
have been fabricated that have one pillar removed from the surface at fixed distances 
(Figure 8.9b). The engineered sites acted as controlled burst locations so that the 
condensation on the underlayer could be discharged from these burst sites without risking 
flooding due to high pressure build-up. Because these engineered sites caused spherical 
droplets, removal of condensate is potentially effortless, although not shown in this work.  
 
Figure 8.9: When the hierarchical ambiphilic structure bursts after all the structure is 
filled with water, the resulting droplets are extremely spherical due to the 
superhydrophobic pillar tops (a). In order to take advantage of this, burst sites are 
intentionally engineered onto the surfaces by removing one or few pillars from the 
surface. This way, the liquid burst out from the designated areas to form a perfectly 
spherical droplet (b). 
 
 
 
112 
 
 
8.8 Conclusions 
Over the recent years dropwise and superhydrophobic dropwise condensation 
have drawn attention due to their potential to provide high heat transfer coefficients as a 
result of the lowered thermal resistance on the surface. However, these two modes of 
condensation rely heavily on the nanostructure and surface chemistry so they are prone to 
degradation over time and at high heat fluxes as shown in Chapter 6. In this chapter thin 
film condensation on ambiphilic structured surfaces is introduced and demonstrated. 
Because this mode relies on film formation on the surface, the operation occurs at the 
most stable mode of condensation but at the same time, the water layer thickness could be 
limited to several microns compared to the millimeter scale for traditional filmwise 
condensation, which greatly reduces the thermal resistance due the water accumulation. 
Lowered thermal resistance without challenges of maintaining and operating 
superhydrophobic surfaces, is promising for high heat flux real life applications. 
1- Demonstrated stable thin-film condensation on micro-structured ambiphilic 
structures. 
2- Developed energy barrier analysis to predict whether an ambiphilic structure 
promotes spreading or bursting.  
3- Demonstrated hierarchical ambiphilic structures to eliminate surface flooding 
during thin-film condensation. 
Publications 
1. E. Ölçeroğlu, C.Y. Hsieh, K.K.S Lau, and M. McCarthy, "Thin Film Condensation 
Supported on Ambiphilic Microstructures", Journal of Heat Transfer 139(2), 020910, 
2017 
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CHAPTER 9: SUMMARY AND CONCLUSIONS 
9.1 Overall Summary 
The objectives of this doctoral research were grouped in three main 
categories: (1) utilizing a scalable and rapid nano-fabrication technique that is applicable 
to different heat transfer materials of a variety of shapes and sizes, (2) developing a heat 
transfer measurement technique that can capture the typically low heat transfer 
coefficients of the superhydrophobic dropwise condensation and (3) characterizing and 
enhancing condensation mechanisms on structured surfaces. The dissertation is structured 
in a way that Chapter 1-3 provides introduction, motivation and a brief literature review, 
Chapter 4 gives information about category (1) mentioned above, Chapter 5 elaborates 
category (2) and Chapter 6-8 explain (3).  
In Chapter 4, Tobacco mosaic virus (TMV) was used as a biotemplated 
nanostructuring technique, which is a scalable and inexpensive way of making 
nanostructures that can be applied to a variety of materials with complex shapes, yielding 
this method exceptionally appropriate for both preliminary and advanced research. In this 
dissertation, this technique was applied on various metallic surfaces and also on 
microstructured surfaces to achieve hierarchical structured surfaces. Using this technique, 
superhydrophobic surfaces for dropwise condensation were fabricated and self-propelled 
jumping-mode droplet removal is demonstrated.  
In Chapter 5, a heat transfer measurement technique was introduced to 
quantify the heat transfer coefficients during superhydrophobic condensation on the 
biotemplated nanostructured surfaces. Droplet level heat transfer measurements were 
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made using image tracking algorithms to find the overall heat flux through the surfaces. 
Utilizing this non-contact measurement technique, sensitive measurement capability at 
low heat fluxes was achieved, which is not possible with the currently existing methods 
in the literature.  
Chapter 6 of this work demonstrated failure and flooding of 
superhydrophobic condensation at high supersaturations. Even though superhydrophobic 
surfaces provide exceptional condensation heat transfer coefficients, their operation is 
limited to low supersaturations. By utilizing mixed-wettability surfaces, spatial control 
over nucleation was achieved and even at high supersaturations, failure was delayed by 
promoting a transition from jumping-mode condensate removal to shedding mode. 
Chapter 7 focuses on the variations in droplet growth rates on hierarchical 
structured superhydrophobic surfaces. Experimental observations were made in ESEM 
and it was identified that it is the feeder-receiver droplet interactions that cause the 
inconsistencies in growth rates. Because the existing models are inadequate for 
estimating the variations in growth rates, a new, thermal resistance based growth rate 
model incorporating the feeder-receiver interactions was developed, which successfully 
captured the varying growth rates on hierarchical structures. 
Lastly in this work, an ambiphilic structured “thin-film condensation” surface 
that operates in filmwise condensation mode was introduced in Chapter 8. Even though 
this mode operates in the filmwise condensation mode, the film thickness is limited to a 
few micrometers so that the thermal resistance across the surface is not significant to 
inhibit the heat transfer. Because thin-film condensation surfaces already operate in the 
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filmwise condensation mode, the problems associated with flooding and transition to 
filmwise mode on superhydrophobic surfaces were avoided. In addition to providing low 
thermal resistance with filmwise condensation, ambiphilic structured surfaces did not 
require nanostructures which is a great benefit in terms of manufacturability and an 
advantage toward transitioning to real-world applications. 
9.2 Major Contributions 
1. A biotemplated nanostructuring technique is demonstrated that is inexpensive and 
rapidly applicable to a variety of sizes and geometries. This technique is also 
applicable to common heat transfer materials, therefore enables research on 
fundamental heat transfer study on nanostructured surfaces. 
2. Demonstrated an image tracking based, non-contact heat transfer measurement 
technique that can resolve the typically low heat transfer rates associated with 
superhydrophobic condensation. 
3. Demonstrated and the use of mixed-wettability surfaces to delay flooding during high-
supersaturation condensation on superhydrophobic surfaces.  
4. Identified the mechanisms that lead to growth rate inconsistencies during hierarchical 
condensation and developed a model to predict the growth variations. 
5. For the first time, introduced a new mode of condensation that promotes the formation 
of thin-films that are only several microns thick. Thin-film condensation provides low 
thermal resistance with the stability of filmwise condensation, therefore it is a robust 
condensation mode suitable for high heat transfer rates. 
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9.3 Future Recommendations 
Within the last decade, significant research has been made on condensation, 
especially on the superhydrophobic dropwise mode. Various surfaces have been 
fabricated addressing most of the challenges that stand in the way of heat transfer 
improvement during condensation. However, there are still fundamental shortcomings 
about these surfaces that prevent the translation of laboratory research to real-world 
applications. Even though some of these shortcomings are pointed out and tackled in this 
thesis, there is still need for advancement in both materials and heat transfer fields to 
achieve reliable real-world applications. Below are few recommendations that can be 
taken into consideration when working on condensation on engineered surfaces in the 
future. 
9.3.1 Scalable Nanomanufacturing of Surface Coatings for Heat Transfer Applications 
In Chapter 4 of this thesis, an inexpensive and substrate independent 
nanostructuring technique is introduced using Tobacco mosaic virus as the biotemplating 
material. Because the entire process takes place at room temperature and it is applicable 
to large sized and complex geometries, this technique is advantageous over many of the 
currently existing nanostructuring techniques and it demonstrates potential of translating 
laboratory scale success to real-world applications. However, in order for these 
nanostructured coatings to be reliably applied to real world, they need to successfully be 
tested for structural repeatability, longevity, mechanical and thermal robustness and 
maintainability; and to this date, there is little to no information about these matters in the 
field. In addition to structural robustness, maintaining the chemical coatings on the heat 
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transfer surfaces is also questionable in long term. While most of the polymer and 
monomer coatings are extremely effective for short term testing in laboratory 
environment, their applicability to large areas and maintenance for prolonged durations is 
still an issue that materials science and chemistry has to tackle. 
9.3.2 Heat Removal Rates during Condensation and Flooding 
Superhydrophobic dropwise condensation is shown to be an effective way of 
heat removal because of the low thermal resistances associated with it. To achieve low 
thermal resistances during condensation, superhydrophobic surfaces utilize jumping-
mode removal that happens spontaneously and results in self-removal of condensate 
droplets. However, as demonstrated in Chapter 6 of this thesis, effectiveness of this 
method is extremely limited to low-heat flux scenarios because when the thermal load on 
the surfaces is increased, self-removal mechanism loses its effectiveness which leads to 
flooding of the surface and degraded heat transfer. Even though a solution to tackle this 
problem is suggested and demonstrated in Chapter 6 of this thesis, it only delays flooding 
and not prevents it at higher heat fluxes. So, if nanostructured superhydrophobic 
condensation surfaces are to be used in real life applications, their limitations in terms of 
thermal loading should be kept in consideration and required adjustments should be 
made.  
9.3.3 Non-Condensable Gases 
Non-condensable gases (NCG) are the gases that do not condense at 
conditions that vapor condenses into liquid. Because vapor needs to reach the cold 
surface to condense, the non-condensing gases that block the heat transfer path on the 
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surface are considered as a factor that harms the heat transfer. For the case of 
superhydrophobic and traditional dropwise condensation, it is reported that even the 
tiniest amount of NCG that exist in condensation environment can significantly affect the 
heat transfer performance and it makes heat transfer coefficients indistinguishable from 
each other for all modes of condensation. Therefore it is not reliable to report heat 
transfer coefficients when NCG are present. In Chapter 5, the presence of NCG was 
acknowledged, however appropriate measures were taken using previous models to 
report heat transfer coefficients. In Chapters 6 and 8, NCG were present for the custom 
built environmental chambers so therefore no heat transfer coefficient is reported. 
Building a NCG free condensation chamber was attempted for Chapter 8, however tiny 
air leaks that couldn’t be prevented made measurements not reliable. Entire Chapter 7 
was tested in ESEM environment, so there were no traces of NCG in that study. For 
future work, a chamber that is absolutely NCG free can be built to measure and compare 
the surfaces engineered in this thesis. 
Even if all the NCG was eliminated and heat transfer coefficients were 
reported based on this ideal case, it is extremely debatable how much these perfectly 
ideal cases would represent real-world applications where there is always NCG present.  
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